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ABSTRACT

Study results are presented for a conceptual design analysis of "Advanced
Multipurpose Large Launch Vehicles." This vehicle concept incorporates
a single-stage-to-orbit main stage that orbits a million pound payload;
and, with the addition of building block elements that include strap-on
motors and a small injection stage, provides payload flexibility to nearly
four million pounds. The objective was to develop practical, representa-
tive vehicle configurations through a series of design and performance
trade studies, and to assess this vehicle system in terms of technology
needs and implications. A vehicle family design is provided with its esti-
mated performance and weight summaries for each possible flight configura-
tion. Vehicle system information provided includes propulsion, pressuriza-
tion, thermal, and control data. The design and performance data developed
in trade studies of the design variables are presented. Both multi-

chamber/plug and toroidal/aerospike systems were considered for main

stage propulsion. The design and performance relationship between the

main stage vehicle and its engine system options is stressed.

Strap-on boost assist elements investigated included various diameter

solid motors and N204/UDMH pressure-fed pods. The structural impact

of strap-ons to the main stage is described. The performance of the vari-

ous strap-on configurations is given for both zero stage and parallel burn

operation. Both the design impact and performance of the configuration

with a small orbital injection stage are presented. The implications of this

possible future vehicle system on technology and resources requirements

are assessed to provide data for technology planning, resource estimating,

and mission analysis studies.
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FOREWORD

This report summarizes the findings of a "Study of Advanced Multipurpose

Large Launch Vehicles" performed under Contract NAS 2-4079. The study

was conducted by Launch Systems Branch, Space Division of The Boeing

Company from January 1 to September 30, 1967. The work was adminis-

tered under the direction of Edward W. Gomersall of the Mission Analysis

Division of the Office of Advanced Research and Technology.

The record of the study is presented in two reports. This report is the full

account of the study that provides a comprehensive report of the az,alyses

performed with their detail results. A Summary Report that provides a

concise account of the objectives, method of investigation, and significant

results is found in CR 73154._ _ _ _- 2 _O_4

All the propulsion systems data used in the performance of the study and

shown in the reports were provided, at no cost, by:

Rocketdyne

Division of North American Aviation,

Canoga Park, California

Inc o

Pratt and Whitney Aircraft

Division of United Aircraft Corporation

West Palm Beach, Florida

Ae roj et-Gene ral Corporation

Space Booster Division

Sacramento, California

Lockheed Propulsion Company

Division of Lockheed Aircraft Corporation

Redlands, California

Their cooperation in contributing timely engine or motor data significantly

enlarged the scope and value of the study results.

This report is also published as Boeing Document D5-134ZI-2.

xxvi



1.0 INT RODUCTION

It is an objective of the NASA's Office of Advanced Research and Tech-

nology (OART) to explore the practicality and potential of attractive new

concepts to assure that the necessary technologies required to achieve the

systems or maximize their effectiveness are developed. The purpose of

these exploratory efforts is to provide data, and trade-off relationships

for the concepts; not to select designs or propulsion systems, per se.

The "Advanced Multipurpose Large Launch Vehicle" (AMLLV) concept is

an attractive launch vehicle design alternative suggested to accomplish

future manned interplanetary explorations, extended lunar explorations,

and large space station missions. This future vehicle system would take

full advantage of technology advances and large vehicle design experience

that have occurred since the early 1960's, especially the advent of altitude

compensating aerospike or plug engine s.

This report is the technical document that gives the full details of a

study, performed by The Boeing Company, under the sponsorship of

NASA's OART. The study satisfied the need for detailed information,

trade-offs and implications on the AMLLV system design.

The objectives of this study were threefold. First, working from the

AMLLV concept, develop a practical, representative configuration through

a series of trade-off and performance studies. Second, perform a more

rigorous analysis on the selected configuration to substantiate its design

and performance as well as provide detailed information on various system

requirements. Finally, assess the implications and sensitivities of the

vehicle to aid mission analyst, resource estimators, and technology
planner s.

The material covered in the remainder of this report is arranged as follows:

a. Section 2.0, "Summary," presents the major findings of the study;

b. Section 3.0, "Derivation of Configuration," provides parametric perfor-

mance and design trade studies used in defining the vehicle configuration;

C, Section 4.0, "Configuration Definition," presents the point design studies,

accomplished to define the selected study vehicle configurations;

d. Section 5.0, "AMLLV Configurations Sensitivities and Implications, "

assesses the design sensitivities and technology implications of the

study configurations.



i. 0 (Continued)

The results of the study form a set of considerations to be applied in eval-

uating the objectives and achievements of continuing or future technology

development programs. Equating the potential gains against the required

effort provides OART with an effective tool for formulating 1 ong-range plans
for technology research.

1.1 DEFINITION OF VEHICLE CONCEPT

The "Advanced Multipurpose Large Launch Vehicle" (AMLLV) is a concept

for delivering one to four million pounds to low Earth orbit. This concept,

as shown in Figure 1-1, features an LH2/LOX main stage with single-stage-

to-orbit capability of one million pounds. This main stage is used as the

core stage of a building block system that incorporates both strap-on stages

and a small upper stage for orbital injection to achieve a broad range of

payload capability. Main stage design includes an altitude compensating,

toroidal/aerospike or multichamber/plug propulsion system. The strap-on

options include solid motors or pressure-fed liquid motors for either

parallel burn or zero stage operation to achieve basic payload versatility.

The orbital injection stage further enhances the payload versatility, reduces

the main stage sensitivity to its inert weight, and provides orbital transfer

and rendezvous capabilities. The total impulse provided by this stage would

be varied by modularizing its propellant tanks to provide velocity increments

of i, 000 to 7, 000 feet-per-second over the four-to-one payload range.

This basic concept formed the starting point of this study.

1.Z STUDY APPROACH

The initial trade study phase of the study investigated, in a preliminary

manner, the ol_tions , alternatives, and parametric variations offered by the

vehicle concept. -These analyses formed the basis for selecting a logical

configuration. This configuration, not necessarily optimum but a reason-

able, representative definition of the concept, was then worked to a more

detailed level of design in the second phase of the study to provide a more

rigorous demonstration of the concept's validity and a better definition of

its major systems. Finally, the meaning of this configuration was further

elaborated by considering aspects of its producibility and its sensitivity

to technological improvements. Additional analyses were conducted to aid

mission planners to assess the sensitivity of the vehicle to payload size

variations and to outline a recoverable version of the design.
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The logic employed in the trade study phase to evolve the representative

configuration was a step-by-step process whereby first the main stage

flight mode was established, and then, through a series of design trade

studies of the major independent variables, the main stage design was

chosen. The evaluation of the strap-ons and injection stage was then

approached by defining representative designs that matched the main stage

to establish their mass fractions and performance values. Performance

trades were conducted for each of the logical configuration options, to de-

termine the payload gains possible and select basic flight modes. Loads,

stress, and weight analyses were performed for each major configuration

option to define the structural changes required to the main LOX/LH 2 stage

design.

The second phase of the study used this basic performance and structural

requirements data to size and configure the main stage for a million pounds

to orbit payload. A modularized injection stage and 260-inch solid rocket

motors were sized to match the main stage and to provide nearly four-to-

one payload versatility. Trajectories were finalized and detail load, stress,

control, heating, and pressurization studies were completed to define the

conceptual design and establish the final weight statement.

In the final phase, an assessment of the resource implications was conducted

by studying the requirements for producing, developing, and launching the

selected vehicle stages. The sensitivity of the design to specific impulse

and structural technology levels was determined by developing exchange

ratios for each stage. The weight reduction possible with representative

advanced structural materials was evaluated. The vehicle's sensitivity to

the payload center of gravity locations and densities was determined. A

recoverable version of the main stage design was outlined.

1.3 RI_LATIONSHIP TO OTHER STUDIES

The relationship of this study to other continuing and planned efforts within

NASA was a guiding factor in determining the intent and format of the results

of the study.

The study did not attempt to develop a highly optimized or sophisticated

design in order to achieve superior performance or minimize cost, but

rather, attempted to accomplish a system design and analysis of a reason-

able approach, reflecting realizable technology, to a large launch vehicle.

With this approach, actual data and projections from continuing and antici-

pated technology tasks were input into the study. Study output, then, includes

system interactions, trade-off data, design point verifications, and technology

4
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implications directly and currently applicable to these technology activi-

ties. For example, this study:

ao Provides applicable data to on-going programs including the current

advanced cryogenic propulsion technology program and the 260-inch

solid rocket program. Propulsion parametric trade-off data, system

interaction and interface data, and design point information contained

herein should provide assistance in the guidance and future planning

of these efforts.

b, Provides detail design data on load regimes and sizing applicable to

the guidance and planning of advanced structures technology.

C. Provides insight into the manufacturing, transportation, test, and

operational improvements required if systems of this size are to be

developed. These requirements appear to be worthy of consideration

in planning of future manufacturing or launch sites. The requirements

suggested herein may provide upper limits in planning projections.

1.4 ASSUMPTIONS AND GUIDE LINES

A due east launch from Atlantic Missile Range into a 100 nautical mile cir-

cular orbit was the primary flight mode.

The vehicle design applied man-rating design and control criteria as defined

in Appendix A. A payload density of five pounds per cubic foot was used in

developing the trade study stage drawings and the final design configuration.

All propulsion data used in this study were obtained from or developed with

the concurrence of the appropriate contractors.

2.0 SUMMARY

2.1 GENERAL

The major flight vehicle options of this study's Advanced Multipurpose

Large Launch Vehicle (AMLLV) configurations are shown in Figure 2-I

together with their basic dimensions and weights.

The main stage single-stage-to-orbit capability is approximately one million

pounds to 100 nautical mile orbit with either the toroidal/aerospike or

multichamber/plug engine system. The Rocketdyne toroidal/aerospike

system yields a gross payload of 1.019 million pounds. The Pratt and
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Z. 1 (Continued)

Whitney high pressure multichamber/plug system yields a payload of 0.994

million pounds. The high values of average engine specific impulse and

stage mass fraction for this stage resulted in a payload to launch weight

ratio of approximately 0.08 which is nearly double the value for the pre-

sent Saturn V two stag9 (S-IC/S-II) vehicle.

The vehicle's LOX/LH 2 main stage has the structural capability to accom-

modate twelve 260-inch solid motors and the injection stage. The LOX and

LH 2 tank skins and bulkheads are designed to meet the maximum loads

encountered in all flight modes. By using forward skirt support and hold-

down provisions to react the strap-on thrust load, the mass fraction penalty

incurred in accommodating the large strap-on impulse is minimized. The

structural penalty is further reduced by using a series of forward skirt

assemblies, one for each major configuration. These design innovations

minimized the main stage mass fraction penalties to provide its multipur-

pose flexibility to less than two percent (increased stage inert weight by

13 percent).

The basic LOX/LH Z injection stage module is sized to 450, 000 pounds of

propellant as limited by the minimum liftoff thrust-to-weight of 1.18. The

weight of the injection stage and payload when added to the fixed thrust

main stage reduces the vehicle's liftoff thrust-to-weight ratio; 1.18 was set

as the reasonable lower limit of this ratio based on launch drift considerations.

This injection stage would increase the payload by eighteen percent.

Twelve 260-inch solid rocket motors can be accommodated around the core

stage. The motors, sized to attach to main stage frames at vehicle Sta-

tions 400 and 1955, have a propellant weight of 3.81 million pounds each.

Their sea level thrust of 9.0 million pounds each and total burn time of

approximately 130 seconds was determined to maximize payload without

exceeding-_ maximum dynamic pressure of 1000 pounds per square foot.

The injection stage, with a full complement of solid motors, is made by

stacking three modules of the basic injection stage sized for the core alone

configuration. The three-wafer configuration gives a payload increase of

6.Z5 percent as compared to the core plus twelve solids configuration.

Figure 2-2 shows the payload as a function of launch weight for each of the

major configurations and for strap-on configurations with intermediate

numbers of the 260-inch solid motors. The launch weight varies from 1Z.8

to 67.5 million pounds; the payload varies from . 994 to 3.75 million pounds.

A greater maximum payload could be obtained with a larger diameter

solid motor.

9
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Z. 2 MAIN STAGE

The main stage, sized to orbit one million pounds to low Earth orbit, has

16.0 million pounds of sea level thrust with iI. l million pounds of propell-

ant. Its inert weight (stage drop weight) of only 634, 000 pounds results in

a stage mass fraction of approximately 0.946 (numbers quoted are for the

toroidal/aerospike main stage). Comparing this to an S-IC/S-II vehicle,

the AMLLV has approximately four tirrms the payload capability with only

a forty percent increase in inert weight. Physically, the AMLLV has over

twice the diameter of the S-IC/S-II but is approximately 60 feet shorter.

Figure 2-3 is an isometric sketch of the main stage. The structure is

principally conventional skin-stringer-frame construction using Z219

aluminum for the propellant tanks and 7075 aluminum for the forward skirt

and thrust structure. The design has a forward LOX tank to minimize con-

trol requirements. Positioning the LOX tank aft would have resulted in a

maximum thrust vector deflection of over 20 degrees as compared to less

than four degrees with the tank forward. Both the aerospike and plug engine

systems favor a low length/diameter (L/D) stage design which allows effi-

cient structural design of the propellant tanks.

The common bulkhead is a sandwich structure designed to take buckling

loads that occur near propellant depletion. This construction was deter-

mined to be more efficient than increasing the LOX tank pressure to

maintain the bulkhead in tension. The bulkheads and tank skins are designed

for loads encountered during the zero stage operation with twelve solid mo-

tors. Flight conditions for the main stage result in the maximum com-

pressive loads for the LH 2 tank shell and thrust structure. Since the

forward skirt is subjected to a wide range of loads from 4, 000 pounds to

16, 000 pounds per inch, the design and use of individual skirts was suggested

to minimize the weight penalties for each major configuration.

The use of the forward skirt for vehicle support and solid motor thrust

take-out minimizes ground wind and emergency rebound main stage loads

and in-flight bending moments for the core plus solid configurations. The

forward skirt reaction point provides a short load path between the support

or thrust take-out connections of the large inertia payload and LOX tank

elements. Although this system does impose a new type of launch stand

design, it is significant in minimizing the structural weight of the flight

stage.
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2. Z (Continued)

Designing the main stage's structure to accommodate twelve 260-inch

solid rocket motors reduces the stage's mass ratio by approximately two

percent. This reduction in structural efficiency requires the core stage to

be approximately 14 percent larger than if it were designed without the

capability to accept the strap-on stages.

The thrust structure was the only element of the stage whose design was

influenced by the engine systems. For the multichamber/plug engine

system, a thrust post is required for each engine module to react the con-

centrated thrust load. When compared to the thrust structure for the same

thrust level toroidal engine system, the multichamber's thrust structure

is 6, 000 pounds heavier. A representative thrust structure skin panel was

analyzed to determine its reaction to the acoustical loading encountered in

the twelve 260-inch solid motor configuration. The three sigma peak

static pressure was estimated at 3.5 psi which results in maximum cyclic

stress of 3, 000 pounds per inch which is well within the fatigue life of the

7075 aluminum plate. The overall sound pressure level was estimated to

vary from 179 dB at the base of the plug to 160 dB at the forward flange of

the forward skirt.

Core control requirements of 3.4 degrees total thrust vector deflection were

determined based on design wind and accounting for center of pressure,

center of gravity, and thrust vector off-sets. This requirement is within

the hinging capability of the multichamber module and either the LOX or

hot gas injection system for the toroidal/aerospike engine system.

2.2.1 Trade Studies - Performance

Single-stage-to-orbit trajectory studies showed that with continuous burn-

ing with deep throttling (to ten percent thrust) of the engines, payload

capabilities near that possible with burn-coast-burn modes could be

achieved. Improved mission reliabilities would be expected with this

mode over a burn-coast-burn ascent because it would eliminate the re-

start operation. For the design and trajectory mode defined, a gross payload

to launch weight function of approximately 0.08 is estimated with either pro-

pulsion system.

Throttling during a direct ascent trajectory to orbit significantly reduces

the large thrust vectoring loss encountered when the flight path is turned

to meet the required orbital cutoff conditions. Throttling also reduces the

maximum longitudinal acceleration from 14.0 g's to approximately 6.5 g's

for the selected 90 percent throttling flight mode.
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2.2.2 Trade Studies - Design

The stage design was evolved through a series of trade studies, where the

influence of the major independent variables of mixture ratio, stage length to

diameter ratio, engine chamber pressure, number of modules, and tank

pressures were investigated, Each trade considered the total consequence

of the perturbed parameter as it affected performance and weights. A

complete set of vehicle loads was developed for each point studied.

Stress analysis was repeated for each case and a new stage weight was

estimated. Aerodynamic characteristics were adjusted for each case

where vehicle size was varied.

The mixture ratio investigation considered both engine performance effects

and stage weight and size changes. A mixture ratio of 5:1 resulted in the

best effective engine specific impulses while higher mixture ratios gave

the lighter stage weights. An optimum value of 6:1 was determined for

either propulsion system.

Stage length to diameter (L/D) influence revealed that both the engine

system and stage design favored low L/D values until the LOX tank side

wall was eliminated. Then the weight penalties associated with the flatter

bulkheads negated any further improvement in engine specific impulse ob-

tained from the larger diameters.

The engine system chamber pressure studies investigated the effects of

variations in the engine weight and performance for Rocketdyne's regen-

eratively cooled multichamber and toroidal systems. Improvements in

overall performance were noted until a chamber pressure of 2000 psia was

reached; then the payload benefit leveled off. Rocketdyne indicated that

2000 psia was the upper limit for regeneratively cooled systems. A check

point was run for the Pratt and Whitney high pressure (3000 psia) multi-

chamber system with hinged modules that are transpiration cooled. The

payload performance was found to be essentially equivalent to the 2000

psia Rocketdyne regeneratively cooled multichamber system.

The number:of module trade studies, performed with both the Rocketdyne

and Pratt and Whitney multichamber engine systems data, showed that

payload performance was independent of the number of modules used.

]Engine performance slightly favored fewer modules but the performance

gain was offset by the accompanying engine and stage weight increase.

The trade study of LH 2 tank pressures showed that 28.0 psia ullage pressure

gave the lightest stage weight. Stage structure and pressurization system

and gas weight effects led to the determination of this optimum value which

is sufficient to meet the Net Positive Suction Head requirements as specified

14



2.2.2 (Continued)

by the engine contractors.

Table 2-I lists the range of each parameter that could be accepted without

penalizing the payload by more than one percent from the maximum value

determined.

TABLE 2-I

PARAMETRIC DESIGN STUDY RESULTS

Variable

Mixture Ratio

Stage Length/Dia (L/D)

Chamber Pressure (psia)

( regeneratively cooled)

No. of Modules

Rocketdyne (Pc = 2000 psia)

Pratt & Whitney

(P = 3000 psia)
c

LH 2 Ullage Pressure (psia)

Range of Variable With i% of Max

Gross Payload

Multichambe r

5.2:1 - 6.4:1

2.24 - 2.80

2000 - 3000

Toroidal

5.65:1 6.6:1

2.20 2.78

1950 2800

8 - 16

12 - 24

18.2 - 35.0 18.2 - 35. C

2.3 STRAP-ON CONFIGURATIONS

The 260-inch solid motor having 9, 000, 000 pounds of thrust and 3, 810, 000

pounds of propellant with a fifty percent regressive thrust-time trace was

determined to be most suited for the strap-on configuration. The motor

requirements are within the projected technology capabilities of solid motor

design and maintain the vehicle's maximum dynamic pressure near I,000

pounds per square foot. Twelve motors are the maximum number of 260-

inch solids that can be accommodated around the core periphery. If future

technology programs show that larger diameter motors can be designed
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Z. 3 (Continued)

and handled, further payload gains are possible. For example, ten 372-
inch motors could provide payloads of over four million pounds within
the maximum dynamic pressure limit of 1,000 pounds per square foot.

The zero stage mode of operation, i.e., the solid motors burn as a first stage
with the main stage igniting during motor tailoff, gives the maximum pay-
load with the minimum flight load conditions as compared to parallel burn
operation where the core and solids operate together. However, it was
determined that using a flight mode where the core is ignited at launch and
operates at a very reduced thrust level (ten percent thrust) during solid
motor burn, a payload capability within one percent of that with zero
staging is obtained. Since the flight ignition requirement of the core
engines is eliminated with this mode, an improvement in mission reli-
ability would be expected.

The parametric investigations of strap-on configurations included both
pressure-fed UDM/-I/N204 liquid pods and solid motors over a range of
diameters from 156 to 330 inches. Both systems offer approximately the
same payload capabilities as measured by payload to launch weight ratios.
The pressure-fed system considered in the study, shown in Figure 2-4,

incorporated a single engine with a liquid injection thrust vector control

and a hot gas pressurization system. Final selection between the liquid

and solid propellant strap-ens would require cost studies as well as tech-

nology confidence appraisals which at this time favor solid motors because

of available data. However, both these considerations were beyond the

scope of this study.

The addition of over 40 million pounds of solid motors generating over

100 million pounds of thrust requires main stage structural capabilities

greater than necessary for single-stage-to-orbit operation. Increased

loads condition=s on the cylindrical side walls are a consequence of the

higher bending rrroments created by the longer payload and higher dyrlamic

pressures, and higher longitudinal forces created by the strap-on thrust.

Increased loads in the tank bulkheads are a consequence of hydrostatic

pressure created when the full tanks are subjected to the longitudinal

acceleration of 3.1 g's at the solid motor cutoff flight conditions.

An effective means of minimizing the side wall structural increase is to

react the solid motor thrust in the forward skirt rather than in the thrust

structure. With forward thrust take-out, loads aft of the LOX tank are less

than with core alone operation. With aft attachment, the loads over this

part of the vehicle are more than double the values for core alone operation.

Forward the LOX tank, the loads are essentially the same with either

16



PRESSUR IZAT

SYSTEM

AFT SKIRT

AFT I

FIGURE 2-4

PRESSURE FED

N204/U DMH

260" D IA.

300"

330"
STRAP-ON STAGES

FORWARD SKIRT

N204 TANK

N204 FEEDLINE

UDMH TANK

PRESSURE FED

ENG INE

LIQUID INJECTION
TVC MANIFOLD

(
\

t
/
\

f

'4

..'l

0,'.'

.s..
_v

-.,:
• -.

I •
...

,J

• I

'-..q

• .Jr ;

;, 1%,

..

:-'(,

°, ,,

:',; _.
.:..'_

_.::--:
:"2"

,. ,-i

!

SOLIDS

156"

260"

300"

DIA.



2.3 (Continued)

strap-on thrust take-out arrangrrent.

The effect of structural beef-up requiredinthe forward skirt can be avoided

by using two forward skirt assemblies; one light-weight assembly for

core alone operation and one heavier assembly for use with the strap-on

configurations. The structural weight increases due to the thicker bulk-

head skins needed to contain the higher fluid pressures are independent

of the attachment concept used.

2.4 INJECTION STAGE CONFIGURATIONS

The use of an orbital injection stage to increase payload versatility and

reduce configuration sensitivities was considered for both core and core-

plus -strap-on configurations. A LOX/LH 2 stage with toroidal propellant

tanks and extendable nozzle, high-pressure engine system was selected as

a representative design solution (See Figure 2-5) for matching the core

stage diameter. This design also lends itself to a modularizing flexibility

where a series of propellant tank wafers are stacked and additional engines

mounted to a common thrust beam. A stage mass fraction of .82 was ob-

tained for the single wafer configuration shown and improved to .88 when

four wafers were stacked. Although technology problems are noted in the

fabrication of the toroidal tank, the design can be considered representative

for an advanced vehicle parametric study.

Performance studies using a range of thrust-to-weights and core throttling

modes were conducted to determine possible payload capabilities. For

configurations where the injection stage is added to only the main stage

(no strap-ons), the payload improvement is constrained by the practical

low limit of vehicle liftoff thrust-to-weight (T/Wo). The main stage was

sized for a liftoff thrust-to-weight of 1.25. When an injection stage is

added to that stage, its weight plus the additional payload weight reduces

the liftoff thrust-to-weight. For this study, the limit was set at T/W o =

1.18. At this value, the payload increase offered by the injection stage

was limited to 18 percent for i00 nautical mile orbit missions. Maximum

performance was determined with a trajectory mode without main stage

throttling. If the main stage had been found to have a lower mass fraction,

the injection stage would display a better payload performance benefit.

For missions to higher Earth orbits, e.g., 300. nautical miles, the injec-

tion stage becomes more desirable since it is a practical approach for

performing a Hohmann transfer type trajectory and provides a short

coupling, high-response control system for accomplishing the final orbit

injection maneuver. With the addition of the injection stage, the basic

18
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2.4 (Continued)

main stage can orbit one million pounds in the 300 nautical mile orbit.

Whereas, without the stage, a direct injection of only 780, 000 pounds

would be possible.

When the injection stage is added to the main stage plus solid motor con-

figuration, the low T/W o limit is not an influencing factor. The basic

configuration has a T/Wo greater than 1.6 and the addition of an optimum

injection stage (third stage) weight is reached with a T/W o of 1.59. Stack-

ing three wafers of the injection stage for the strap-on configuration pro-

vides nearly all the payload gain possible with the additional stage. This

is six percent as compared with 6-1/? percent. Again, it was determined

that the injection stage offers only a minimal payload performance gain

for the 100 nautical mile orbit. Its main advantage is maintenance of pay-
load capability to the higher Earth orbit.

2.5 VEHICLE SENSITIVITIES AND IMPLICATIONS

2.5.1 Advanced Structure s

The AMLLV configuration performance and weights were developed using

currently available and accepted structural materials and design approaches.

However, with continued technology development, several alternate mat-

erials and construction methods could be used with confidence. They would

offer further inert weight improvements in the core stage. With the use of

sandwich construction with 6A1 -4V titanium face sheets and approximately

eight-inch thick aluminum core, a 50 percent reduction in thrust struc-

ture and forward skirt weight and a 34 percent reduction in LH 2 tank side

wall weight is possible. An alternate advanced structure for the forward

skirt assembly for the main stage application is the use of beryllium sand-

wich and a special jettisonable vehicle support fitting. This approach

would yield an-83 percent reduction in skirt weight. No material substi-

tution for Z219-T-_7 aluminum was identified for the LOX tank elements.

Aluminum is the only recognized reliable, LOX compatible material avail-
able.

The application of advanced structure has the potential of reducing stage

inert weight by 15 percent (an increase of stage mass fraction of 0.01).

2.5.2 Design Factors

Payload sensitivities were determined for each stage by arbitrarily setting

an off-design value of a major design factor and then optimizing the trajec-

tory to establish the associated payload change. Figure 2-6 shows the
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Z. 5. Z (Continued)

sensitivities determined for the main stage. The partial derivative of

most general interest is the trade-off of main stage inert weight to

specific impulse (Isp) while holding payload constant. The value was

determined to be 7,556 pounds for each 1.0 second Isp"

?..5.3 Payload Density

The main stage structure is insensitive to payload densities over the range

of 5 to 50 pounds per cubic foot. In-flight bending moments do not affect

design loads over this range. Reducing densities to Z pounds per cubic

foot does affect the structure, but only reduces the mass fraction by

0.0006. However, this reduction in density would double the control

requirement.

2.5.4 Re source Implications

A survey of the AMLLV's development, production, and launch requirements

determined that the vehicle implementation would be possible with contem-

porary manufacturing and facility technology and could be accomplished

as follows:

a. Main stage fabrication at the NASA Michoud site (or its equivalent

located on a navigable waterway) in a new factory building;

b. Development testing of the main stage and injection stage in new dyna-

mic and structural test facilities constructed adjacent to the factory

building;

c. Injection stage fabrication in the existing factory building at Michoud;

d. Transportation of all vehicle elements from factory to launch sites

by ocean-going towed barges;

e. Launched at Cape Kennedy from new facilities. An off-shore launch

area at the Atlantic Test Range may be required based on acoustic

siting criteria use. New specially designed hoisting devices are re-

quired to handle the Z000-ton solid motors and 400-ton main stage.

2.5.5 Recoverable Design

The recovery of the AMLLV's stages may be possible with the addition of

deceleration and stabilization devices to the basic designs. The core stage

launch weight would be increased by 16 percent to off-set the payload
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2. 5. 5 (Continued)

capability lost with the addition of the necessary stabilization and let-down
systems in the stage drop weight. This amount of increased weight could

be reduced by adopting a conical shape stage design that is inherently

stable in lieu of the present cylindrical shape. This design approach,

derived from previous NASA studies, may be desirable if studies show that

cost savings wit_% reuse are beneficial.
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3.0 DERIVATION OF CONFIGURATION

The following parametric performance and design trade studies were con-

ducted to explore the many options and alternatives offered by the AMLLV

concept. These studies provided a set of logical considerations from which

a reasonable configuration was selected. Emphasis was placed on inves-

tigating the propulsion system interrelationship to main stage vehicle

design and performance, and on the strap-on and injection stage structural

impacts on the main stage design that could compromise its single-stage-

to-orbit effectiveness. The selected configuration provides a representa-

tive vehicle system for guiding technology programs and for use in

mission planning.

Each of the trade studies was conducted by perturbing the variable under

investigation over a selected range while holding all other parameters

fixed at a representative, but arbitrary, value. Parameter selection was

based on payload performance for most cases. All the studies are cross-

related by having one point common to all trades. This analytical technique

provides visualization of first order effects of the primary variables. As

studies of this vehicle system progress to preliminary design studies.

more complicated trade-off analysis would be needed that would simul-

taneously consider multiple design effects.

Table III-1 lists the trade'studies performed. Each trade study is described

in the table by the fixed conditions variable or effects investigated, and

the selection criteria used. The section number corresponds to the sec-

tion of this book where that particular trade is discussed in detail. Trade

studies relative to the main stage, injection stage and strap-on configura-

tions are covered in Sections 3.1, 3.2 and 3. 3 respectively.

3.1 MAIN STAGE STUDIES

3.l.1 Single-Stage-to-Orbit Trajectory Optimization

The objective of a trajectory and vehicle optimization analysis is to maxi-

mize the payload capability of a fixed vehicle within prescribed constraints

by minimizing the gravity, drag and thrust-vector losses incurred by the

vehicle in flight. The relative importance of these losses is dictated

primarily by the thrust-to-weight ratio of a vehicle and the number of

stages. In this particular study of a one-stage-to-orbit vehicle witl_ a

liftoff thrust-to-weight ratio of 1.25, drag losses are small, and the Droblern

is reduced to determining the trajectory that minimizes the combination

of the gravity and thrust-vector losses. This problem was approached by

employing the Plumbline-COV computer program, which is a point mass,

three dimensional program using a 12 second vertical rise, programmed
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3. I. i (Continued)

pitch from 12 to 35 seconds followed by a gravity turn trajectory through

the atmosphere over an oblate earth. Calculus of Variations is used to

determine optimum pitch steering during the vacuum portion of flight.

The procedure consisted of sizing a one-stage vehicle which had the

approximate payload capability of interest, and then maximizing the pay-

load by optimizing the trajectory. The vehicle used for these initial

studies had a liftoff weight of 19,200,000 pounds and sea level thrust of

24, 000, 000 pounds. This size vehicle was based on the assumption that the

_0 (stage mass fractior_would be .9Z, however, subsequent structural

analysis (Section 4.1.1) indicated that a _u of . 94 should be attainable.

Therefore, a )_ of.94was used in plotting the performance trade studies.

Twopropulsion systems (toroidal and muitichamber engines) were used

in this study. The trajectory outimization for the multichamber system

was deter.mined to be applicable to the toroidal system. For the atmosDheric

phase of flight, the propulsion system data were used in the computer pro-

gram in the form of a table of thrust versus altitude and a corresponding

propellant mass flow. The core vehicle propulsion data are influenced by

parameters such as vehicle diameter, mixture ratio, number of engine
modules, and chamber pressure. The nominal vehicle used for the trade

studies had the following selected fixed values for each of these parameters;

a. Vehicle diameter of 75 feet;

b. A mixture ratio of 6:1;

c. A chamber pressure of 2000 psia.

Additional studies which determined the effects of varying these propulsion

parameters on the core vehicle performance are discussed in later sections.

Trajectory losses for a one-stage-to-orbit vehicle showed that some form

of thrust modulation generally results in a performance increase. Single

stage vehicles that directly ascend to orbit and do not employ throttling

have a relatively short burn time and this results in large thrust-vector

losses when the velocity vector is turned to meet the orbital flight path

angle requirements, Figure 3-1. For this study, core vehicle thrust

modulation is accomplished by making a step change in the thrust. The

parameters investigated were the amount of thrust reduction and the time
at which the thrust was reduced.

The results of the core optimization studies are shown in Figure 3-2.

The percent of throttling is the amount the vacuum thrust is reduced and

the throttling burn ratio is the ratio of the propellants burned during re-

duced thrust (Bz) to the propellants burned at full thrust (B1). The range
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3. i. i (Continued)

of throttling considered was from 60 percent to 95 percent. The largest

thrust reduction considered (95 percent) resulted in the largest oayload.

The data includes the Isp penalty for throttling, given in Section 3.1.1.1.

The data also shows that there is an optimum burn ratio for each oercent

of throttling, and that the optimum burn ratio decreases and the payload

becomes more sensitive as the percent of throttling is increased. Two

additional cases were determined for comparative purooses. In one case,

the vehicle was flown to 100 nautical miles with no throttling, which re-

sulted in a 27 percent payload penalty; and in the other case, a Hohmann

transfer type trajectory was flown with the vehicle coasting from 50 to 100

nautical miles followed by reignition of the engines and injection into orbit,

This case resulted in a payload which is essentially the same as for the

95 percent throttling case. No penalty was assumed for engine reignition. •

The engine contractors, Rocketdyne and Pratt and Whitney, indicated that

throttling greater than 90 percent (10 percent thrust) would result in

major engine changes. Therefore, 90 percent was selected for the re-

mainder of the studies although deeper throttling results in a slight gain

in payload.

For the toroidal engine configuration, the optimization was reoeated for

the 90 percent throttling case. The optimum burn ratio for the toroidal

system was determined to be the same as for the multichamber system.

Additional trajectory parameters which are of interest and which are

influenced by the vehicle optimization are the maximum dynamic pressure

and the maximum longitudinal acceleration. Figure 3-3 shows the result-

ing time histories of longitudinal acceleration at the optimum burn ratio

for each percent of throttling. The data shows that the maximum longitudinal

acceleration increases as the percent of throttling increases, and reaches

a maximum cr_ 8._2 g's at 95 percent throttling. For the no throttling case,

the maximum ac-celeration was 14.0 g's. The variation in maximum dynami c

pressures with and without throttling was not significant, and varied from

approximately 620 to 650 ibs/ft 2.

The relative effects of changes in structural weight and soecific impulse

for a one-stage-to-orbit vehicle are shown in Figure 3-4. This data,

generated for a vehicle with 90 percent throttling and a burn ratio of .ll5,

shows the required launch weight necessary to inject a l,000, 000 pound

payload in a 100-nautical mile circular orbit. The data shows that the

vehicle is more sensitive to specific impulse changes as the stage mass

fraction ( _l ) decreases.,
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3.1.1.1 Propulsion Systems

Two propulsion systems were employed in the performance optimization

studies. One was the multichamber/plug cluster engine concept, and the

other was the toroidal/aerospike engine concept. The basic engine con-
cepts are further described in References l, Z, 3 and 4.

The baseline engine chosen for the initial flight performance trade study

was sized for 24 million pounds of sea level thrust with maximum diameter

of 75 feet. Throttled performance for th-e rnultichamber engine concept is

presented in Figure 3-5. Throttling capability was limited to l0 percent

thrust to eliminate added complexities and weight that would be required
for lower thrust levels.

A schematic of the multichamber engine System is shown in Figure 3-6.

Its performance data are given in Table Ili-2. The performance given in

the table does not reflect the effects of external flow and base drag nor

performance degradation due to TVC requirements. The individual

module area ratio for this design is 35.8 with no gap between adjacent

module nozzle exits. The cluster area ratio is geometrically set at approxi-

mately 83. Engine weight breakdown is given in Table III-3. The weight

and performance data were obtained from Rocketdyne.

The toroidal/aerospike engine system was also sized for 24 million pounds

of thrust at sea level. This configuration resulted in a design area ratio

of approximately 90, as set primarily by chamber pressure and base dia-

meter values. This system had been well defined by Rocketdyne under

Contract NAS 8-11402, Toroidal Systems Analysis Study (References 2 and 3).

A schematic of this system is shown in Figure 3-7. Performance as re-

ceived from Rocketdyne is given in Table III-4. The performance given

in the table does not reflect the effects of external flow and base drag nor

performance degradation due to TVC requirements. However, these effects

for the toroidal engine concept are small and were neglected in the trade

studies. The estimated effect of throttling on performance is shown in

Figure 3-8. Engine weight breakdown given in Table III-5 was obtained

from Rocketdyne.

3. i. i.2 Aerodynamics

The trajectory trade studies discussed previously included aerodynamic

data generated for vehicle shape and size, Figure 3-9. This configuration

has a payload shape (having a primary influence on aerodynamics) which is

a Z5 ° cone/12.5 ° cone frustum combination. This shape was selected be-

cause it represents a compromise that results in low aerodynamic drag and

- ..L.,..AL -
(THIS PAGE IS UNCLASSIFIED)
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TABLE HI-2

MULTICHAMBER BASELINE ENGINE PERFORMANCE DATA

Pressure Ratio. (Pc/Pa)

I.3609xi02

I.4 112xlO 2

I.4636xi0 £

I.6356xi02

1.9786xi02

2. 9591xi022
4. 5738xi0

1. 1822x103

1. 2375x10 5
6. 9657xi0

7. 9397x10 II

Altitude (.10 3 ft)

Sea Level

1.0

2.0

5.0

I0.0

20.0

30.0

5O.O

I00.0

200.0

1000.0

Va c uum

Specific Impulse (sec)

362

364

366

373

383

397

4O8

430

444

445.2

445.2

445.2

Thrust (10 6 lb)

24. 000

24. 104

24. 215

24. 527

25.028

25.959

26.746

27.976

28.874

28.965

28.972

28.972
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TAB LE HI- 3

MULTICHAM.BER/PLUG ENGINE SYSTEM (I) WEIGHT BREAKDOWN

Bell Thrust Chambers

Combustor

Injector

Manifold

Nozzle s

Plug Nozzle

Plug Extension

Base Closure

Support Structure

83,000

Turbomachine ry

LH 2 pumps

LOX pumps
Mounts

66,900

Hot

42,500

Gas Sy'stems

Turbine Drive System

Turbine Exhaust

Propellant Feed Systems

Valve s

Line s

6,900

Engine Controls

i0, 700

TVC System

Lines

Valve s

Manifold

8,000

8. Ducting

4, 300

4,700

TOTAL SYSTEM WEIGHT

(i) 16 Modules

Pc = 2000 psia

M.R. = 6:1

Diameter = 75 feet

ZZ7,000 pound s
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FIGURE 3-7
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TABLE III-4

TOROIDAL ENGINE PERFORMANCE DATA

Pressure Ratio (Pc/Pa) Altitude (103 ft) Specific Impulse (Sec.) Thrust (106 lb)

Vacuum 452 28.593

1.3609x102 Sea Level 374 24.000

1.4112x102 1.0 375 24. 107

1.4636x102 2.0 376 24. 189

1.6356x102 5.0 379 24.472

1.9786x102 10.0 388 24.849

2.9591x102 20.0 405 25.510

4.5738x102 30.0 415 26.202

1.1822x103 50.0 435 27.422

1.2375x10_ 100.0 451 28.498
6.9657x10 200.0 452 28.586
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TABLE Ill- 5

TOROIDAL/AEROSPIKE ENGINE SYSTEM

.

,

,

,

6.

Thrust Chamber

Combustors

Manifold s

Nozzle

Base Closure

Support Structure for Nozzle

Turbomachinery

LH z pumps

LOX pumps

Mount s

Hot Gas Systems

Turbine Drive System

Turbine Exhaust

Propellant Feed Systems

Valve s

Line s

Engine Controls

TVC System

Line s

Valve s

Manifold

7. Ducting

(1)
WEIGHT BREAKDOWN

Pounds

113,600

57, 400

e

10, 500

11,400

8,000

4,600

7, 500

TOTAL SYSTEM WEIGHT Z13,000 pounds

(1) 8 Module s

Pc = 2000 psia
M.R. = 6:1

Diameter = 75 feet
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3. I. I. 2 (Continued)

pitching moment, high payload volume, low pressure differential across

the payload shroud and ease of manufacturing, Reference 5. Extensive

wind tunnel data is available for this shape.

Preliminary drag coefficients for the core baseline vehicle are presented

in Figure 3-10 in the form of C_30 versus Mach number. This data

reflects the forebody wave drag and skin friction drag and is applicable

for vehicles using both the multichamber and toroidal propulsion systems.

The distributed normal force coefficients4 Figure 3-11, for the nominal

_-foot diameter stage was used in the vehicle loads analysis.

3.1.2 LOX Tank Location Trade

3. i. 2.1 Control Requirement Influence

An assessment of the TVC system deflection requirements was undertaken

for a range of single-stage-to-orbit vehicle configurations with the LOX

tank mounted either forward or aft. Data were generated for base diameters

ranging from 75 feet to 85 feet and thrust levels from 24to 36 million

pounds. Control is accomplished from the aft end by deflection of the

entire thrust vector, A constant payload density of five pounds/cubic foot
was used.

Figure 3-12 shows the estimated thrust-vector deflection angle required to

control the vehicle while it experiences an assumed ten degree angle of

attack as a function of fineness ratio. Vehicle static stability is changed

appreciably by switching the relative position of the LOX tank from aft to

forward of the liquid hydrogen tank. Smaller control requirements exist

when the LOX tank is forward because the vehicle center of gravity moves

forward, resulting in a longer control rrioment arm and a shorter aerody-

namic moment arm. A vehicle of a given diameter and fineness ratio re-

quires the same controlling side force regardless of its thrust. Thus,

less thrust deflection is required as thrust increases.

Figure 3-12 shows significantly increased deflection requirements for the

LOX tank aft configuration.
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3.1.2.2 Tank Pressure Influences

Maximum estimated ullage pressure requirements for alternate AMLLV

tankage arrangements are shown in Figure 3-13. Ullage pressures were

calculated using acceleration time histories and propellant levels to meet

specified NPSH requirements. Flight data was taken from the selected

90 percent throttling trajectory (Section 3.1.1).

Reversing the common bulkhead (Configuration Z as compared to Configura-

tion 1) requires a higher LH 2 tank pressure to overcome the crushing load

of the LOX, but it permits lowering of LOX tank pressure. LOX and LH 2

tank positions are reversed in Configurations 3 and 4, resulting in a large

reduction of the LOX acceleration head and requiring a considerable in-

crease in LOX tank pressure to meet NPSH requirements. To compensate

for the increase, the LH 2 tank pressure must also increase to prevent

crushing loads on the bulkhead of Configuration 3. The bulkhead position

in Configuration 4 is such that the pressures required to provide pump

NPSH also provide a positive pressure across the bulkhead at all times.

Maximum pressures are also shown in Figure 3-13 for these tankage

arrangements assuming that the positive _ P requirements were deleted,

i.e., the common bulkhead designed to take a crushing load.

Configurations 1 and 4 are the most acceptable arrangements from a

structural standpoint. Configuration 1 was selected based on control

requirements that strongly favor the forward LOX tank.

3.1.3 Length-to-Diameter Ratio Trade

3.1.3.1 General

Stage length-to-diameter (L/D)ratios influence the propulsion system per-

formance and weights and the stage inert weights. This study was therefore

undertaken to determine the optimum L/D value as determined by payload

capability for both engine concepts.

This (L/D) trade is the first of a series of five design trade-off investiga-

tions (Sections 3. 1.3 through 3.1.7) that examine a primary design variable

by determining its interrelated effects on vehicle design and engine per-

formance. Figur e 3-14 diagrams the basic logic used in each of these

trade-off studies performed. A range of values was arbitrarily selected

for the parameter under investigation; all other primary parameters were

held constant. For each value in the selected parameter under investiga-

tion, a vehicle and engine design exercise was performed to determine the

weights and propulsion performance. The effect of varying the parameter

was determined by reoptimizing the flight trajectory for each case and
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3. i. 3.1 (Continued)

deterrnining the re sultant payload performance.

The method of load and stress analysis discussed in this section apply

to Sections 3. 1.4 through 3. 1.7.

3. I. 3.2 Results

The results of the trade study are summarized in Figure 3-15. The total

weight-in-orbit curve illustrates the propulsion(Isp)effect relative to the

diameter of vehicle. The gross payload curves relative to the total

wei_ght-in-orbit curves illustrate both the structural weight and Isp effect.

The difference between these two curves shows the structural effect. The

results, which include drag effects, showthat the optimum vehicle L/D is

2. Ii for both propulsion systems.

The trades were accomplished with the following parameters held constant

while varying vehicle diameters from 60 to 90 feet, stage L/D's 1.48 to

2.31, Figure 3- 16:

a. Mixture Ratio = 6:1;

b. Engine chamber pressure = 2000 psia;

c. Number modules = 16 (multichamber), 8 (toroidal);

d. Sea level thrust = 24.0 million pounds;

e. Usable propellant weight = 16, 794, 657 pounds.

3. i. 3. 3 Propulsion

The propulsion data used for this trade was provided by Rocketdyne, and

i_ shown in Figures 3-17 and 3-18 for the toroidal and multichamber engine

s#stems respectively. The engine performance data for the 75-foot ola-

meter vehicle is consistent with that used in the trajectory optimization

study.

With the mixture ratio, chamber pressure and number of modules held constant,
the mul'tichamber module and cluster and overall toroidal area ratios

undergo considerable changes as diameter is changed. The resulting area
ratios are shown in Table III-6.
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TABLE III-6

AREA RATIO VERSUS DIAMETER

T oroidal Multichambe r

Diameter Overall Area Ratio Module Area Ratio Overall Area Ratio

60 feet 55 73.7 55

75 feet 85 36.1 83

90 feet ll0 50.5 i18

The performance data shown in Figures 3-17 and 3-18 reflect the area ratio

effect. The sea level performance improves as the diameter is decreased

due to a smaller area ratio; the vacuum performance improves as the

diameter is increased due to a higher area ratio. Engine weight changes

with diameter, as reported by Rocketdyne, are listed on these figures.

3. i.3.4 Structures

The effects of varying vehicle diameter upon the core vehicle weight were

assessed by determining the inert weights for stages designed to each dia-

meter. The trade study considered core vehicles of diameters 60 feet,

75 feet, and 90 feet. Basic trajectory flight data was used to define the

design loads for the various diameter vehicles. Total propellant weights

and ullage volumes were held constant for all vehicles, and the require-

ment for a positive pressure loading on the common bulkhead was main-

tained. A 21.5 ° nose cone was used on the 90-foot diameter vehicle

instead of the co nd/frustum shape so that a constant payload density

could be maintained on all vehicles. In order to retain an initial three

percent ullage volume in the LOX tank, an ellipsoidal bulkhead with a

(b/a) ratio of 0.543 was used for the 90-foot diameter stage instead of the

0.707 bulkhead used on the other stages. Here, "a" and "b" are the semi-

major axis and semi-minor axis, respectively, of the bulkhead elliptic

meridian. In obtaining an optimum weight for the 0. 543 bulkhead, honey-

comb sandwich construction was used because of the stability requirements

for pressure induced circumferential membrane stresses.

Design loads were generated for vehicle configurations as a prerequisite

to the stress analysis. There was little difference in the design loads

between the multichamber and toroidal vehicles. The set of loads pre-

sented represents the design requirements for both vehicle configurations.

The trajectory data used in load determination was based on the selected

optimum trajectory discussed in Section 3.1.1.

=_-J_Lo_ w_rliT I A I

tTHIS PAGE IS UNCLASSIFIED)
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3. i. 3. 5 Loads

Figure 3-19 shows combined ultimate compressive and tensile loads for

the on-pad fueled, unpressurized, emergency shutdown, liftoff, max (q _ ),

and maximum acceleration conditions for the nominal 75-foot diameter

vehicle. The emergency shutdown condition controls the tension loads

over the entire vehicle. The maximum acceleration condition governs the

compressive loads over the LOX tank and the forward skirt, and the max

(q (X ), and liftoff conditions govern the compressive loads on the LH 2

tank region. Figures 3-20 and 3-21 show the load envelopes for the
diameters investigated.

The combined load (N) is defined as the load per inch of circumference.

This combined load includes simultaneous applications of bending moment,

axial load, and ullage pressure.

Pu max (x) R
N t 1.4 + (4)BM (x) P (x))ultimate = +

R 2 2_TR

ultimate = R2 - 2_'R

2

P
1.4 - u rain (x) R (5)mc

Ntultimate = ultimate combined tension load

Ncultimate = ultimate combined compressive load

BM(x) = bending moment at station x

P(x) = axial load at station x

Pu min (x) = minimum ullage pressure at station x

Pu max (x) = maximum ullage pressure at station x

Sign convention + tension load

- compression load

1.4 = factor of safety

Limit and ultimate tank pressure distributions are shown on Figure 3-22

for the LOX and LH 2 tanks.
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3. i. 3.5 (Continued)

The tank pressure at a particular station is defined as:

P (t) = eu max (t) + N (t) p h' (t) (6)

Pu max (t) = maximum ullage pressure at time (t)

N (t) : Load factor at time (t)

h '(t) = height of the propellant above the station being

investigated at time (t)

P (t) = tank pressure at time (t) and the station being

inve stigated

P = propellant density

Tank bottom pressures are determined as a function of time. The tank

pressure at various stations is determined for various flight times. These

are then plotted as vehicle station versus pressure. The maximum envel-

ope of these plots determines the limit design pressure. The ultimate
design pressure is:

Pult = 1.4 (Plimit)

The ultimate design differential pressure ( _ Pult across the common
bulkhead )was determined by:

A Pult (t) = 1.4 (LOX tank bottom pressure - minimum LH 2 ullage (6

pr e s sure )

3. 1.3.6 Stress and Weight

The primary structural element size requirements were determined by the

design load envelope from engine ignition to engine cutoff for the selected

trajectory. These elements were then weighed based on a design that

uses a conventional skin-stringer structural concept for stability critical

shells; i.e., the shell was a semi-monocoque structure stabilized by

longitudinal stiffeners and circumferential ring frames. The core pro-

pellant tanks were sized for room temperature properties of ZZ19-T87

aluminum alloy in accordance with AMLLV structural design criteria,

and the thrust structure and forward skirts were sized for room tempera-

ture properties of 7075-T6 aluminum alloy.
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3. 1.3.6 (Continued)

The magnitude of applied loading was the same for the multichamber
engine and the toroidal engine nominal core concepts; these two vehicles

were identicalin allareas except the thrust skirts. The difference

arises from the assumptions that toroidal engine thrust was a distributed

force at the engine-skirt interface, and the multichamber engine thrust

was concentrated forces applied at 16 equally spaced points around the

thrust structure periphery.

Sizing of the multichamber thrust-skirt structural elements required

evaluation of the nonuniform axial load distribution in the shell (shear

lag effect, Reference 6) caused by the concentrated thrust loads. This

approach was used to size the thrust posts and stiffened shell to obtain a

uniform axial load distribution at the juncture of the LH 2 tank and the
thrust structure.

General and local instability failure modes of the stiffened shell were

evaluated in the upper region of the thrust structure where the axial com-

pressive toad distribution was assumed to be uniform. General instability

as applied to axially compressed cylinders is defined as the failure mode in

which the buckled shape assumes the characteristic diamond pattern in the

collapse of the shell. Local instability considers the buckling of individual

panels between stiffeners, buckling of cylindrical sections between rings,

crippling of stiffener elements, and local yielding of individual elements

at end attachments and rings where secondary stresses may represent a

sizable portion of the total stress (Reference 7). Shanley's ring fTame

criterion (Reference 8) was used to size the intermediate rings for local
instability requirements.

The lower thrust ring size for strength requirements was dictated by the

internal load distribution induced in the ring by the radial thrust load com-

ponent and the TVC load at each engine (Reference 9). The upper thrust

ring was combined with the LH 2 tank Y-ring. Thus, the Y-ring was sized

for the distributed radial load at the forward end of the thrust skirt and for

discontinuity effects caused by the maximum internal tank pressure in the

vicinity of the LH Z cylinder-bulkhead juncture. The Y-ring also serves

as a stabilizing ring for the LH Z tank and thrust structure.

The toroidal engine thrust structure was analyzed as a stiffened cylinder
subjected to a distributed loading at the engine-skirt interface. The method

of stability analysis (Reference 7) was the same as used for the multi-

chamber thrust structure. The interface between the engine and thrust

structure was assumed to be a pinned connection, so no bending moment
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3. i. 3.6 (Continued)

was applied to the skirt at the engine attachments. This approach is in

agreement with Rocketdyne toroidal engine design concepts.

The forward skirt was analyzed in much the same way as the multichamber

thrust structure. This approach was necessary because two load condi-

tions sized various structural elements of the skirt. These load conditions

were:

a. Rebound tension loading;

b. Compressive loading at engine throttling.

The shear lag analysis was performed to size the holddown posts and skin

for the concentrated rebound tension loading condition. This was done to

assure a uniform axial load distribution at the LOX tank upper Y-ring.

Shell stability requirements for axial compressive loading were satisfied

by sizing the longitudinal skin stiffeners and intermediate rings for com-

pre s sive loading at engine throttling.

The procedure used in determining the sizes for the propellant tank side-

wall elements was to assume a conventional stiffened cylinder design,

and size the skin thickness for the circumferential membrane stresses

induced by maximum tank wall differential pressures. An elastic stability

analysis was performed when axial sidewall loads were compressive, and

the stabilizing elements were sized for this compressive loading. The

design analysis evaluated general and local instability failure modes in

accordance with procedures in Reference 7. Longitudinal stiffeners were

sized and spaced so that the entire skin was effective in carrying the axial

compressive loading. Stiffener spacing was dictated by the Von Karman

effective width formula. The use of the entire tank skin in carrying com-

pressive loading resulted in a minimum weight tank wa11. Tank wall

compressive loads were low enough to permit preliminary design sizing

of tank wall elements without intermediate stabilizing rings.

The tank bulkheads were sized as monocoque, 0.707 semi-ellipsoidal

shells subjected to a uniform internal pressure equal to the maximum

pressure at the shell apex. Thus, for the nominal core, all bulkheads

were assumed to be subjected to plane tensile stress fields at all times.

The resulting bulkhead thicknesses were adjusted to account for the pres-

sure gradient from bulkhead equator to apex by applying an eight percent

reduction to the calculated thickness based on the apex pressure load. This

procedure is adequate for the preliminary design trade studies. Bulkhead

analyses performed later in this study accounted for nonuniform internal

pressure, uniform external pressure loading, and combined liquid head

vehicle acceleration effects on bulkhead strength and stability.
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3. 1.3.6 (Continued)

The LOX delivery lines inside the LH 2 tank were sized for internal pressure

requirements only. It is anticipated that the major design consideration

in this area will be detailing the supports to prevent dynamic coupling

between the lines and the LH 2 tank wall structure. Resolving this problem

is beyond the depth required for the trade evaluations.

The calculated weights for the LOX feed lines and the common bulkhead

include insulation requirements. The insulation used is mylar honeycomb

with aluminized mylar shields. An equipment and instrumentation weight

of 3, 000 pounds was used and is based on using microelectronics and

state-of-the-art improvements in power systems.

The residual propellant weight was assumed a rn_ximum for a propellant

utilization system designed to allow LOX depletion (0 percent LOX minimum

to 0. l percent LOX maximum) while allowing a maximum of one percent

of LH 2 left on board.

A detailed weights statement showing the results of the core stress and

weights analyses is presented in Table III-7 and III-8 for the nominal

75-foot diameter design. The structural weight for the toroidal stage is

ii, 300 pounds lighter than the multichamber stage structure. The pro-

pulsion system weights include engines, plug, plug attach structure, TVC

system, base bleed system, and propellant feed lines.

The diameter trade study showed that the length of the cylindrical portion

of the LOX tank is reduced as vehicle diameter is increased. The cylinder

vanishes at a diameter of 82 feet for 0. 707 bulkheads and the assumed pro-

pellant and ullage volume requirements. Estimated design loads and

structural sizes for the 82-foot vehicle were obtained from the studies

of the other three vehicles to obtain the variation in stage mass-fraction

( )kI) as a function of diameter. Figure 3-Z3 shows the results of the dia-

meter trade structural studies. The curves shown in this figure are

smooth up to the 82-foot diameter vehicle. At this point, the LOX tank

bulkhead shape must be changed to satisfy volume requirements, and a

discontinuity in the slope of the curve occurs. The broken line actually

represents a plot of _" as a function of vehicle diameter for vehicles with

no cylindrical portion in the LOX tank. The value of )_ for the Multi-

chamber configuration varied from 0. 9486 to 0. 9496 between the 60- and

82-foot diameters, and dropped to 0.948 for the 90-foot stage. A tabula-

tion of vehicle component weights is presented in Table III-9.
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LOX/LH 2

TABLE III-8

CORE (I} WEIGHTS SUMMARY

MULTICHAMBER T OROIDA L

O _

%n

Core Structure

Forward Skirt

Propellant Container s

Thrust Structure

Propulsion System (Rocketdyne data)

Pressurization System (including pressurant gas)

Equipment and Instrumentation

Contingency (5% Structure)

Re sidual Propellants

Stage Weight at Separation

Stage Mass Fraction()%')

(517, 500)

36, 700

423, 500

57, 300

(2Z7, 000)

(70,500)

( 3, ooo)

( z5, 9oo)

(48,400)

892, 300

.9496

(506, Z00)
36,700

423, 500

46,000

(213,000)

( 70, 500)

( 3, ooo)

(z5,300)

(48,400)

866,400

.9510

(i) Trade Study Data - 75 ft. dia. stage
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TABLE III-9

DIAMETER TRADE WEIGHTS SUMMARY

Structure

Propulsion System

Pressurization System

(including pressurant gas)

Equipment & Instrumentation

Contingency

Re sidual Propellants

Stage Weight @ Separation

MULTICHAMBER

60'

576, 500

185,000

70,500

3,000

28,800

48,400

75'

517,500

227,000

70,500

3,000

25, 900

48,400

90'

563,800

287,000

60'

565, 200

186,000

T OROIDA L

75'

506,200

2 13,000

70,500

3,000

28,200

48,400

70,500

3,000

28,300

48,400

70,500

3,000

25, 300

48,400

866,400

90'

552,500

244, 000

912,200 892, 300 i,000,900 901, 400

Stage Mass Fraction ()kl ) .9486 .9496 .9438 .9492 .9510 .9468

70,500

3,000

27,600

48,400

946,000
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3.1.4 Main Stage Mixture Ratio Trades

The stage mixture ratio affects the propulsion system parameters and the

stage weight. This trade study was done to determine the mixture ratio

for both the toroidal and multichamber stage designs which would result

in the maximum payload. The same logic and structure analysis methods

used in Section 3. I. 3 were used in this investigation.

The mixture ratio performance studies used the 90 percent throttling

single-stage-to-orbit flight mode as defined in Section 3. I. l with the

burn ratio optimized for each of the mixture ratio cases considered. The

results of the study (Figure 3-24) show that the optimum mixture ratio is

approximately 6:1 for stages with either engine systems.

3. i. 4. 1 Propulsion

The effects of mixture ratio on toroidal and multichamber engine perfor-

mance is shown in Figures 3-25 and 3-26. Theoretical peak specific

impulse occurs at a mixture ratio of five for a nozzle area ratio of approxi-

mately i00. The theoretical specific impulse drops approximately two

seconds at a mixture ratio of 6:1 and about six or seven seconds at mix-

ture ratio of 7:1. The figures show similar trends for both engine systems.

The effect of mixture ratio shifts on engine weight was considered.

3. i. 4.2 Structures

The structural effects of the mixture ratio trades were assessed con-

sidering the effect on the stage design. Effects upon core design loads

were determined by trajectory data from Section 3. 1.3, which was dev-

eloped from propulsion data for a mixture ratio of 6:1. In determining

effects of mixture ratio on the structure, the vehicle diameter, total

propellant weight, tank ullage volumes, and bulkhead shapes were set

equal to values for the nominal 75-foot diameter stage of Section 3. 1.3.

The resulting tank lengths are shown in Figure 3-27.

The LOX tank ullage pressures were set at the values required to maintain

a plane tensile stress field in the common bulkhead throughout the flight.

The loads data for the various mixture ratios are presented in Figures
3-Z8 and 3-29.

The mixture ratio trade study required structural resizing of the LOX and

LH 2 tanks, but had no effect on the thrust structure and forward skirt

weights because the design loads were assumed constant in these areas.

The tank structural sizing procedure was the same as used in development

• D,
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3. I. 4.2 (Continued)

of the nominal core weights. A detailed weight statement comparing the

vehicles of the various mixture ratios is presented in Table III-10.

Figure 3-30 is a plot of stage mass fraction as a function of propellant

mixture ratio. Mass fraction for the multichamber configuration varies

approximately linearly from 0.947Z to 0. 9514 for mixture ratios of 5:1 to

7:1. The variation for the toroidal configuration was 0.9485 to 0.9529

over the same mixture ratio range.

3.1.5 Ullage Pressure Trade

3. I. 5. 1 Results

The structural effect of ullage pressure on stage weight was assessed by

considering the effect on design loads and the resulting changes in struc-

tural requirements of the nominal, 75 foot diameter stage. The study

considered two tank ullage pressure conditions:

o The ullage pressure in both the LOX and LH Z tanks was varied to

retain a design pressure of 49 psi differential on the common bulkhead.

This pressure is identical to that of the pressure differential on the

common bulkhead used in the foregoing trades and means that the

bulkhead always contains a plane tensile stress field.

_o The ullage pressure in the LOX tank was maintained at the LOX

vapor pressure (17.5 psia) and the ullage pressure was varied in the

LH 2 tank. This condition resulted in a negative (collapsing)

differential pressure on the common bulkhead.

Loads data developed for this trade study are shown in Figures 3-31

through 3-34. These loads were determined from the basic ninety (90)

percent throttled, optimum burn ratio trajectory discussed in Section

3. 1.3. The tank side wall and bulkhead stress and weight analyses were

performed as in Section 3.1.3. Since pressure variations effect only

the propellant tanks, the analyses were limited to only these elements.

The bulkhead used for collapsing load condition was an aluminum

honeycomb sandwich designed to meet both strength and stability require-

ments. This bulkhead was sized by considering both the maximum

positive and negative pressure differentials occurring at the apex of the

bulkhead. In general, the face sheets were sized for tension loading in-

duced by maximum positive design pressure differentials. In this case,

the membrane load was assumed equal in both face sheets. These

face sheets were then combined with an aluminum honeycomb core

75



I

TOROI

NOT ES:

MULTICHAMBER

- PROPULSION SYSTEM WTS
FURNISHED BY ROCKETDYNE

- ALL BASELINE PARAMETERS
HELD CONSTANT EXCEPT
MIXTURE RATIO

!

5:1 6:1 7:1

MIXTURE RATIO

FIGURE 3-30 STAGE MASS FRACTION VERSUS MIXTURE RATIO FOR MIXTURE. RATIO TRADE STUDY

?6



TABLE III- 10

MIXTURE RATIO TRADE WEIGHTS SUMMARY

Structure

Propulsion System

Pressurization System

including pressurant gas}

Equipment & Instrumentation

MU LT ICHAMBER TOROIDAL

5:1 (1) 6:1 7:1 5:1 6:1 7:1

550, 900

232, 000

72,800

3,000

517, 500

227,000

70,500

3,000

490,500

223,000

68,700

3,000

539,600

222.000

72,800

3,000

506,200

213.000

70,5OO

3,000

Contingency

Residuals

Stage Weight @ Separation

Stage Mass Fraction (A m)

27,500

48400

934,600

.9472

25,900

48,400

892,300

.9496

24,500

48,400

858, i00

.9514

27,000

48,400

912,800

.9485

25,300

48,400

866,400

.9510

479,200

207,000

68,700

3.000

24.000

48,40O

830,300

.9529

(I) Mixture ratio
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3. i. 5. I (Continued)

sized for stability requirements for a uniform pressure (equal to the

pressure at the apex) on the convex surface of the bulkhead. The method

used was to size the core thickness for a hemispherical head with a radius

equal to the radius of curvature at the apex of the 0. 707 elliptical head.

Results of the pressure trade structural effects are presented in Figure

3-35 which is a plot of stage mass fraction ( )%' ) versus LH 2 tank ullage

pressure. The curves show that the concept using minimum LOX tank

ullage pressure (Case number 2, common bulkhead compression loads

allowed) results in an increased of _ from 0.9496 to 0.9546 for the nomi-

nal LH 2 tank ullage pressure. This increase is due to the reduced weights

of the LOX tank bulkheads, cylinders, Y-rings, and pressurization

system.

For the condition of a constant positive differential pressure of 49 psig on

the common bulkhead (Case 1), the maximum )%' was 0.9512. The )%' for

this case was always below the values determined for Case 2.

Table III-11 lists element weights for the various ullage pressures considered.

3. 1.5.2 Pressurization Schedules

Ullage pressure requirements were calculated for the core vehicle (both

multichamber plug cluster and toroidal configurations) to meet specified

pump NPSH and are shown in Figures 3-36 and 3-37, for the LH 2 and LOX

tanks, respectively. The pressurization band shown for the LH 2 tank
(23-25 psia) is based on LH 2 vapor pressure, line losses, acceleration

head, and the minimum pump NPSH. The LOX tank pressurization level

(28.5 - 30.5 psia) is determined by the requirement to maintain a positive

pressure across the common bulkhead (no crushing loads). Without this

requirement, the large acceleration head would permit ullage pressure to

be lowered to the level of the maximum vapor pressure line of Figure 3-37

(17.5 psia). The negative required ullage pressure curve shown reflects

the excess pump inlet pressure available over that required to provide pump

NPSH (20 feet). The large drop shown in the required ullage pressure curve

reflects the reduction in flow losses when propellant flow rates are dropped

by 90 percent at engine throttling. Feed line flow velocities (35 feet/se-

cond for LOX and 60 feet/second for LH2) are based on typical Saturn V
value s.
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TABLE III- I 1

LH 2 TANK ULLAGE PRESSURE TRADE WEIGHTS

MULTICHAMBER CONFIGURATION

Structure (Z)

Propulsion System

Pre s surization System

(including pressurant gas)

Equipment & Instrumentation

Contingency

Re sidual s

Stage Weight @ Separation

Stage Mass Fraction {_)

_P ACROSS COMMON

BULKHEAD = + 49 PSIG

14.7 (I}

526, 500

227,000

43,500

3,000

26,300

48,400

874,700

•9505

Z8.0

517,500

227,000

70,500

3,000

25,900

48,400

892,300

•9496

42.2

571,800

227,000

106,700

3,000

28,600

48,400

985,500

.9446

LOX ULLAGE PRESSURE =

14.7

501,700

227,000

39,500

3,000

25,100

48,400

844,700

•9521

LOX VAPOR PRESSURE

458, 200

227, 000

50,300

3,000

22,900

48,400

809,800

42.2

488,800

227,000

61,800

3,000

24,400

48,400

853,400

.9516•9 540

60

597, 10{

Z27, 000

76,200

3,000

29,900

48,40C

981,600

•9448

(1) LH z Tank Ullage Pressure (Limit, PSIA)

(Z) All Weights are in Pounds.
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3.1.6 Chamber Pressure Trades

The foregoing design and propulsion system trade studies were conducted

using engines having a chamber pressure of 2000 p sia. This investigation

of vehicle performance with engine systems designed to various chamber

pressures was performed to determine the influence on payload perfor-

mance. Since 2000 psia is quoted by Rocketdyne as the practical limit

for their regeneratively cooled cycles, investigations at higher pressures

included the filmed-cooled designs in addition to regeneratively cooled
systems.

The results of the engine chamber pressure trade studies for the toroidal/

aerospike engine and the multichamber plug cluster engine are shown in

Figure 3-38. Propulsion system performance and weight data from

Figure 3-39 and 3-40 were used in this evaluation. The vehicle structure

weight is not influenced by engine chamber pressure. The lower toroidal

curve on Figure 3-38 shows the influence of both engine specific impulse

and increasing engine weight as chamber pressure is increased. The

curve shows regeneratively cooled system performance above 2000 psia

chamber pressure. However, film cooling would be required at chamber

pressures higher than 2000 psia. The point labeled "film cooling" on

Figure 3-38 indicates the payload associated with the engine data provided
for the 3000 psia case.

The multichamber curve on Figure 3-38 shows vehicle performance re-

sulting from Rocketdyne's multichamber plug cluster concept which uses

a tap-off regeneratively cooled cycle. Weight penalties at higher chamber

pressures for the multichamber concept are not as severe as for the

toroidal concept. Two additional points are shown on the figure at 3000

psia chamber pressure. One shows the payload associated with film-c0oled

system at 3000 psia chamber pressure as estimated by Rocketdyne. Another

point was determined from engine data provided by Pratt and Whitney for
their 3000 psia engine system.

The Pratt and Whitney high chamber pressure engine concept is a trans-

piration cooled preburner cycle with hinged modules. Basic engine para-

meters for this system are listed below and are consistent with the

nominal Rocketdyne engine thrusts and diameters:

a. Number of Modules = 16;

b. Vehicle diameter = 75 feet;

c. Sea level thrust = 24 million Ibf;

d. Chamber pressure = 3000 psia;

e. Engine mixture ratio = 6:1;
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3. 1.6 (Continued)

f. Plug length = I0 percent of Isentropic;

g. Module engine cycle = preburner;

h. Cooling = transpiration/regenerative;

i. Base bleed = optimum.

The geometry of this design results in a module area ratio of 55 and an

overall area ratio of 130. Estimated performance of this 3000 psia engine

is given in Table Ill-12. This performance was obtained from Pratt and

Whitney (Reference 10). This engine concept has the individual engine

modules hinged straight downward (flow not exhausted onto the plug)

during low altitude flight and translate inward to the plug at a selected
altitude.

3.1.7 Number of Modules Trade

The foregoing trade studies assumed a multichamber propulsion system

made up of 16 modules. Since the number of modules affects the pro-

pulsion performance and also the core structural weight, a trade study

was made to determine the effect of the number of modules on the vehicle

performance. The results of this study are shown in Figure 3-41. The

data shows that the vehicle performance improves as the number of

modules decreases through the range considered with the Rocketdyne

system data, With the Pratt & Whitney system the performance is
insensitive to the number of modules.

3. i. 7. 1 Rocketdyne Multichamber System

The effect of module size on multichamber engine performance, as pro-

vided by Rocketdyne (Reference ll), is shown in Figure 3-42. All of the

engine design parameters (chamber pressure, overall engine diameter,

total thrust, etc. ),except for the number of individual engine modules,

were kept constant for this study. The overall cluster area ratio is vir-

tually the same for all configurations. However, the module area ratio

increases when fewer modules are used. This effect is reflected in the

decrease in sea level performance with fewer modules. A slight increase

in vacuum performance is shown in Figure 3-42 as the number of modules

is decreased. The increase in vacuum performance results from a slight

increase in overall engine efficiency when fewer modules are used. Engine

weight as a function of number of modules is noted on the figure.

s- _""_:!r! 7";L :.',L
(THIS PAGE IS UNCLASSIFIEDI
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Altitude (10 3 Feet)

TAB LE III- 12

P&W PLUG CLUSTER PERFORMANCE (Pc = 3000, D e

Pa (PSFA) Specific Impulse (Sec)

Sea

I.

2.

5.

I0

15

20

25O

30 0

40 0

50 0

53 0

Level

0

0

0

0

0

0

(Transition

Altitude)

2116.2 204.1 384.0

2040.9 211.7 386.4

1967.7 219.5 388.5

1760.9 245.3 394.7

1455.6 296.8 403.9

I194.8 361.2 411.7

973.3 443.9 418.4

786.3 549.4 423.9

629.7 686.1 428.7

393.1 I089.9 435.7

243.6 1773.3 440.2

207.0 2081 441.3

60.0 151.0 2861

80.0 58.13 7432

100.0 23.09 18700

120.0 9.837 43900

150.0 3.060 141000

200.0 0.4715 916000

1000.0 _ _

Vacuum _ _

446 4

452 3

454 5

455 4

455 8

456 0

456.0

456.0

Full Thrust Flow Rate = 62,500 lbm/sec

= 75 ft.)

Thrust (106 Ibs)

24. 000

24. 150

24.28 1

24.669

25. 244

25. 731

26 l 5O

26 494

26 794

27 231

27 513

27 581

27.900

28.269

28.406

28.463

28.488

28.500

28.500

28.500

Eng. Wt. = 263,000 Ibm.



(THIS PAGE IS UNCLASSIFIED)

(3
v

_O
O
e--
v

ca
_J

_O

O

I

(3
m

LU

2.5
{1.135)

2.0

I

J

I
I

I .......

P

I T I ' i

i I

i
I

} ORBIT

I
1

S.L. THRUST= 24.0 X 1-06LBS.
T/'Wo = 1.25

.... i

f
..... i

r
t

i

r L__-
. i i

i

i T

i

I

i __4

r

i

r

 Ross

ROCKETDYNE MULTICHAMBER (Pc = 2000 PSIA)
mp & W MULTICHAMBER (Pc = 3000 PSIA) NOZZLES

STRAIGHT DOWN g LIFT-OFF - TRANSLATED
ONTO PLUG @48000 FT. ALT.

90% THROTTLED CORE 0 OPT. BURN RATIO
100 N._O_RBIT - DUE EAST LAUNCH F ROM AMR
ALL PARAMETERS HELD CONSTANT " - "
EXCEPT NO. OF MODULES

1% OF OPT PAYLOAD- " !,
J

f I

i

8 16 24

NO. MODULES

FIGURE 3-41 VEHICLE PERFORMANCE FoR NO. OF MODULE TRADE

22:1F:"'"'1:,:.....
(THIS PAGE IS UNCLASSIFIED)

93



420

d

I

_.1 400

_ 38o L_

7_n 360

!

THRUST = 24,000 000 POUNDS (S. L.)
CHAMBER PRESSURE = 2000 PSIA

DIAMETER - 75 FEET

MIXTURE RA_'IO = 6:1

PERCENT LENGTH = 20

NO. MODULES ENG. SYS WT.

8 240_000 LBS

16 227,000LBS

24 229,000LBS

i n_

N =

IN =

8

16

24

340

20 40 60 80 100 " 120 140 160

ALTITUDE - 103 FT.

180

FIGURE 3-42 MULTICHAMBER SYSTEM PERFORMANCE: MODULE SIZE EFFECT



(THIS PAGE IS UNCLASSIFIED)

3. l. 7.2 Pratt and Whitney Multichamber System

Corresponding data on a multichamber/plug system as provided by Pratt

and Whitney is shown on Table'III-13. The Pratt and Whitney system is a

higher pressure (3000 psia)module that is initially positioned axially and
hinges into the plug at a selected altitude.

3. 1.7.3 Structures

The effect on the core weight when 8 and 24 engines are substituted for

the nominal 16 engines was determined by assessing the structural

impact to the thrust structure and the engine system weight variation with
number of modules.

The approach used in determining core weight changes for the modules

trades was to maintain a constant shear lag diffusion angle in the aft skirt

nominal design (approximately 60o), and then vary the thrust-skirt

length to obtain a uniform axial load distribution at the LH 2 tank Y-ring.

The variation in stage drop weight is presented in Figure 3-43, which

shows that increasing the number of modules results in a decrease in

weight. The study showed that the 24 module thrust structure was 4, 300

pounds lighter than the 16 module configuration; the eight module thrust

structure was 8, 700 pounds heavier than the 16 module configuration.

3.1.8 Multichamber Hinged Engine Trade

Using two Pratt and Whitney high-pressure multichamber engine concepts,

this trade study was conducted to gain insight into the relative advantage

of the hinged engine system. The trade involved is between a higher

average specific impulse engine system and a higher average thrust system.

Structural weight effects were neglected in this trade. However, if they

were included, the results would show a greater payload difference between
the syste-_s.

Two engine configurations were developed for the trade study, both with 24

million pounds sea level thrust and a 75-foot basic diameter. The hinged

engine system had the engine modules directed straight aft at takeoff and

then hinged in at 48, 000 feet altitude. The other system had the engine

modules at the design tilt angle throughout the flight. Figures 3-44 and 3-45

show the engine performance for both systems.

The performance results shown in Figure 3-46, based on a 90 percent

throttled trajectory mode with optimum burn ratio, showed that the hinged

system with the better altitude compensation gave slightly higher payload
performance.

.- CC::[., n[:Z:A:
(THIS PAGE IS UNCLASSIFIED)
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TABLE III- 13

PRATT & WHITNEY ENGINE DATA

Number of Module s 12 16 20 24

Module Vacuum

Thrust (10 6 lbf)

Cluster Vacuum
Thrust (10- lbf)

Module Area Ratio

Cluster Area Ratio

Cluster Length (feet)

Cluster Eng_e
Weight (10--1b)

Total Mass Flow

Rate (lb/sec)

Cluster Sea Level

I (sec)
sp

Cluster Vacuum

Isp (sec)

ENGINE THRUST

(106 ibf)

Alt. (feet)

Sea Level

1000

2000

5000

10000

20000

30000

50000

100000

200000

Vacuum

2.40

29. 18

64.0

125

40.2

282.0

63,983

375.1

455.9

1.75

28.70

55.4

130

36.0

278.2

62,910

381.5

456.4

1.38

28.37

48.2

135

33.1

276. 1

62, 096

386.5

456.6

1.14

28.28

42.2

135

30.6

273.9

61, 983

387.2

456.7

24.00

24. 18

24.31

24.79

25.47

26°55

27.33

28. 19

29.00

29.13

29.18

24.00

24. 16

24.28

24.66

25.25

26. 16

26.80

27.57

28.56

28.68

28.70

24.

24.

24.

24.

25.

25.

26.

27.

28.

28.

28.

00

12

24

56

O4

79

33

24

22

32

37

24.00

24.11

24.22

24.51

24.94

25.60

26.06

27.21

28.20

28.28

28.31

:.::
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3.2 INJECTION STAGE EVALUATION

3.2.1 Flight Performance - Core Plus Injection Stage

A parametric evaluation was made to determine the improved payload

performance and reduced sensitivities offered by putting an injection

stage (I/S) on the nominal main stage of Section 3.1. The objective of

the study was to determine the relationship between injection stage sizes

and thrust on vehicle performance. The advantages of reducing the main

stage inert weight sensitivity were also determined. Although the pri-

mary applications of the injection stages studied were to increase the

payload capability of the core vehicle and to decrease the core sensitivity

to structural weight, other applications (maneuvering and transtage, orbit

injection, etc.) of the stage were also of interest and are discussed in

this section.

Three injection stages with propellant capacities of 150, 000, 350, 000, and

750,000 pounds were used. These sizes resulted in injection stage velo-

city differentials of approximately 2,000 to 6,000 ft/sec. The propulsion

and weight characteristics of the engines used are discussed in Section

3. 2. 1. 4. Injection stage thrust levels were selected such that the

initial thrust-to-weight ratio of each of the injection stages were approxi-

mately . 5 and .8. The injection stages plus core vehicle were flown with

and without throttling in the core vehicle. Core propellant loading was

held constant.

The performance of the unthrottled core plus injection stage is shown in

Figure 3-47 by solid lines. These data show that the lower thrust-to-weight

ratio is desirable; and that, with injection stage sizes below approximately

300, 000 pounds, the payload performance is below the core alone capability.

The largest injection stage considered {750,000 pounds of propellant ) re-

sulted in a payload gain of 310,000 pounds over the single-stage-to-orbit

vehicle.

The performance of the 90 percent throttled core at optimum burn ratio

is shown in Figure 3-47 by dashed lines. These data show that the lower

thrust yields only slightly higher payloads. For smaller injection stages,

however, and the core operating with optimum throttling and burn ratio

{90 percent and .07) show considerable improvement over the unthrottled

core cases.

The performance results for the throttled core plus injection stage are

shown in Figure 3-48 through 3-50 as a function of burn ratio. The objective

in these cases was to determine the optimum core vehicle percent throttling

and burn ratio for each injection stage size and thrust level. Figure
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3.2. 1 (Continued)

3-48 shows the results using the largest stage considered (750,000

pounds propellant). For these cases, the vehicle thrust-to-weight ratio

liftoff was very low. It was assumed that a minimum thrust-to weight ratio

(T/W) of 1.18 would be observed. This resulted in a maximum payload

of approximately 1.56 million pounds. Without the T/W ratio limitation,

the maximum payload would be approximately 1.62 million pounds,

which is approximately the same as that achieved with the unthrottled

core mode for this size injection stage.

Figure 3-51 presents the reduction of payload sensitivity to core inert

weights when the largest injection stage is used to complement the main

stage. Each pound of dead weight increase in the core decreases the

payload in orbit one pound for the core alone configuration. With the

addition of an injection stage, approximately 2.2 pounds of core inert

weight results in a one pound payload penalty.

3.2. i. I Maneuvering and Transtage Application

The use of this stage as a transtage for maneuvering in orbit could also be

considered. Figure 3-52 shows the velocity requirements for making

orbit altitude changes, orbit plane changes, and combinations of both

maneuvers. The range of A V capabilities for the injection stages studied

is such that relatively large orbit altitude changes or plane changes are

feasible.

3.2. I. Z Orbit Injection Accuracy

Fine control for orbit injection can best be accomplished after staging the

main stage because of the lower inertia of the remaining payload and

injection stage. This results in shorter response times and smaller re-

quired thrust levels. Signal-to-noise ratios are minimized due to the

lower thrust levels required and reduced coupling between the high fre-

quency control system response and higher elastic response of the remaining

injection stage and payload.

Thrust Requirement - Only small acceleration levels are required to pro-

vide the fine control necessary in accomplishing precise orbit insertion.

Reference 12 has justified constructing simpler and more accurate control

instruments for this application on the basis of this characteristic require-

ment.

]06



--4

A

t_

o
,--"4

o

!

0

6O

(27.24)

4O

(18.16)

0

(9.08)

0

-20
(-9.08)

-40

(-18.16

-6O
(-27.24)

T %
i

: : %%

i 7_ :, _.....90% THROTTLED AMLLV CORE + INJECTION STAGE
i ! _---'%' "t'_ 100 N. MI. ORBIT (DUE EAST FRQM AMR) "

i _...--,,'_''_''_- ! _ ..... WPIs =750,o-OoLBS

I _ \ \ F "S = -i-.W5 M--LB8
• ± ...... L _ .... : , ,I. -

: ' _ _ ' k XIS = .82
i _ %_ WPc = 16,794,657 LBs

• : _ • _,,,_ % : _,. . . _ : ! -

- _ 7 ....... ,_ ..... :

i ........... """ k_""''"_
: ......... \\ , • 4

CORE ALONE
\

k
\

t i I l i , I i , I

80 -60 -40 -20 0 26 40 60 80

(-36.32) (-27.24) (-18. 16) (-9.08) (9.08) (18.16) (27.24) (36. 32)

A AMLLV CORE INERT WEIGHT - 103 LBS (103 KG)

FIGURE 3-51 GORE 1NERT WEIGHT EXCHANGE RATIO WITH INJECTION



(3_
14-

O
e,--

I

n.
LLI
LL
¢./3
z

I-
_1

t-

0

¢v
0

u.I

6

5

4

3

2

_--- 1. HOHMANN TRANSFER FROM 100 N.M. CIRCULAR ORBIT

2. PLANE CHANGE MADE AT APOGEE OF TRANSFER ELLIPSE
3. EARTH RADIUS- 6,371,230M
4. GRAVITATIONAL CONSTANT -- 3.986836 X 1014M3/SEC2

-- - ORBITAL PLANE
CHANGE

i

15°

10o

_..,.,I
I

J
1 /

/
v

I

O ID

J

100

J
J

/

300 500

. . I

i

I

I
I

_......,._

I

J

I
f

ml

7OO

FINAL CIRCULAR ORBIT ALTITUDE - N. MI

FIGURE 3-52 Z_V REQUIREMENT VERSUS CIRCULAR ORBIT

108



3.2. i. 2 (Continued)

Signal-to-Noise Ratio- To accomplish the precise maneuvers required

during orbit insertion, the flight control system must be responsive to

much smaller error signals. Staging will minimize the noise entering

the flight control system by reducing the vehicle's moment of inertia and

flexing due to control deflections.

Rigid Body Control Frequency - To avoid coupling with the structural

bending modes, the rigid body control frequency is usually selected to

be approximately I/5 of the first body bending mode frequency. This

creates a smooth though slowly responding thrust-vector control system.

For precise, i.e., fine control, a more responsive system is essential.

This can be provided by staging to a configuration consisting of an orbit

insertion stage and the payload thus greatly increasing body bending

frequencies.

3.2. i. 3 Abort Application

Crew abort systems for launch vehicles are designed to have the crew, or

crew capsule clear the boosting vehicle by a safe distance before the boost

vehicle destruct action is taken. Range safety criteria allow only three

seconds delay until the destruct is initiated. A short delay period is

operational desirable since it allows the greatest flight path deviation and

widens usable corridor of the flight vehicle before destruct action would

be taken.

A crew abort system, therefore, has requirements of high acceleration,

high thrust-to-weight ratio and a low propulsive initiation delay. The

LOX/LH 2 propulsion system of the injection stage requires approximately

2.7 to 3.0 seconds to attain 90 percent thrust.

Also, the location of the injection stage under the complete payload package

reduces the installed thrust-to-weight to less than 1. Therefore, the in-

jection stage propulsion system does not have the desired abort system

capabilitie s.

3. Z. I. 4 Injection Stage Engine System

The engine design used in evaluating injection stage performance is the (C)

high chamber pressure translating nozzle concept as proposed by Pratt

and Whitney (Reference 4). This engine concept produces high vacuum

specific impulse utilizing liquid hydrogen and liquid oxygen propellants.

The translating nozzle provides a means of minimizing the engine installa-

tion envelope. The major portion of the nozzle is dump cooled. The
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3.2. 1.4 (Continued)

engine uses a preburner cycle. This engine would have the capability to

vary mixture ratio for better propellant utilization. Major engine para-

meters below were provided by Pratt and Whitney.

Propellants

Vacuum Thrust

Chamber Pressure

Area Ratio

Specific Impulse

Weight

Exit Diameter

Stowed Length

Oxidizer NPSH

Fue 1 NPSH

LOz/LH 2

250, 000 Ibf

3000 psia

300

467 seconds

2780 ibs

125 inches

120 inches

8.2 ft (4 psi)

66 feet (2 psi)

3.2.2 Injection Stage Impact on Main Stage Structure

(c)

(c)

(c)

(c)

Design loads computed for the core-plus-injection stage configuration

exceed those of the single-stage-to-orbit vehicle configuration on the main

stage forward skirt and LOX tank cylinder. These loads occur at the

maximum acceleration condition and result from the increased inertia

of the injection stage and larger payload weight. For the other core

structural elem6-nts,the core plus injection stage loadings were less

severe than those experienced with core alone because of reduced

accelerations and lower dynamic pressures.

The ultimate compressive and tensile loads are shown in Figure 3-53

for the nominal, 75 foot diameter, core vehicle with and without the in-

jection stage. The forward skirt and LOX tank side wall are impacted by

increased compressive loading during the maximum acceleration condi-

tion. The tensile loads for the same region of the nominal core vehicle

are slightly less for the emergency shutdown condition.

(c)

•*_kpl___T, •,
_vltll I Ii/ Iii,, _ I • IIi.
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3.2.2 (Continued)

The core structural weight increase resulting from the above loads amounts

to a total of 19, 100 pounds. This weight increase is comprised of a

7,400 pound increase in the LOX cylinder wall to provide stabilizing

elements for carrying the additional compressive loading. The increased

axial compressive loading in the forward skirt results in a weight increase

of 11, 700 pounds.

The impact of the injection stage on the LOX tank shell could be eliJninated

by resizing the main stage diameter to eliminate the cylinder portion of

the shell. Diameter trades, Section 3. 1.3, have shown a range of dia-

meters within which this could be done with little (_r no effect on structural

efficiency of the baseline vehicle. The result would limit the impact of

the injection stage to the forward skirt only.

3.3 STRAP-ON CONFIGURATION TRADES

3.3.1 Flight Performance of Strap-on Configurations - Pres._ure-fed

Liquid Motors

The results of the parametric performance analysis of N204/UDMH

pressure-fed strap-on pods application to the AMLLV design are presented
in this section.

The objective of the flight performance studies conducted for the liquid

strap-on stages was to parametrically explore the logical flight modes

available to determine the range of payload augmentations possible. Re-

presentative strap-on stage data were used in this study. The results

reported cover a broad range of trajectory modes and indicate the magni-

tude of strap-on impulses required to achieve the four to one payload

flexibility sought for the AMLLV concept.

The nominal main stage or core vehicle used throughout this study is the

nominal 75-foot diameter stage as described in Section 3. 1.3. The basic

parameters for this multichamber main stage are given below:

Useable Propellant ; 16,794 , 657 pounds

)_' Core = .940

Diameter = 75 feet

Sea level thrust -- 24 x 106 lbf
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3.3. I (Continued)

Sea level performance characteristics of N204/UDMH pods are defined

in Figure 3-54 for three diameters: 260-inch, 300-inch, and 330-inch.

Due to geometric limits of the main stage, twelve Z60-inch, ten 330-inch.

and ten 300-inch pods were the maximum numbers of strap-ons considered.

Eight and four strap-ons were also considered. For each diameter, three

thrust levels were investigated; iZ, 8, and 5 million pounds of thrust/pod.

Thus, pod diameter, number of pods, and pod thrust level were the primary

variables for the liquid strap-on study. The pod X0 for all configurations

was assumed to be .90. Figure 3-55 shows a typical pod design.

Drag data for strap-on configurations were developed and are shown in

Figure 3-56 through 3-59.

Each vehicle was launched due east from the AMR with direct ascent to a

100-nautical mile circular orbit. Performance reserves were not

considered.

The flight performance investigation, using liquid strap-ons, consisted of

the following:

a. Parallel Burn = core plus strap-ons;

b. Zero Stage = core plus strap-ons;

c. Parallel Burn = core plus strap-ons plus injection stage;

d. Zero Stage = core plus strap-ons plus injection stage.

For the core plus strap-on configurations, the propellant loading of the

pods was determined by fixing the total vehicle T/W o = 1.25. Thus, for

each combination of number of pods, pod thrust and mode of operation

(zero stage or parallel burn) the pod propellant weight was as follows:

Parallel ((Fp)(N) + Fc WP c )
Burn WPs = I.Z5 _c - Wpld _' p

((.Fp) (N, Wpc ) _,
Zero Wp s = )k_ - Wpl d pStage 1.25 c

(7)

(8)

WPs - Total strap-on propellant

WPc - Core Propellant = 16,794,657 pounds

_k°p - Pod mass fraction = 0.90

_*c - Core mass fraction = 0.94
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3. 3. 1 {Continued)

Wpl' d - Estimated Payload

Fp - Thrust/POD

F c - Core Thrust = 24 x_106 lbf

N - Number of Pods

i.25 _ Thrust-to-Weight at liftoff

These same pod propellant loadings were used for the core plus strap-ons

plus injection stage configurations, thus the thrust-to-weight ratio at

liftoff was less than 1.25.

3.3. 1. 1 Parallel Burn - Core Plus Strap-ons

A representative configuration (ten 300-inch diameter pods at 1Z x l06

pounds thrust/pod) was chosen to determine the effects of throttling on the

parallel staging concept. Ninety percent main stage throttling produced

the maximum payload. The study of the other cases was restricted to

determining the optimum burn ratio for each combination with 90 percent

core throttling.

Figure 3-60 shows the effects of burn ratio and pod diameter on payload

for the maximum number of pods at 5, 8, and 12 million pounds of thrust

per pod. Figures 3-61 and 3-62 present these same parameters for

8 and 4 pods, respectively. Figure 3-63 summarizes these data by show-

ing payload versus strap-on propellant.

Figures 3-60 through 3-62 show that for a particular thrust level, the re-

sulting payload is fairly insensitive to pod diameterland main stage burn

ratio. Specifically, {refer to Figure 3-60) at IZxl0bpounds thrust/pod,

the payload variation due to diameter is approximately 60, 000 pounds

(2 percent). However, Figure 3-63 shows that approximately Z0 percent

less propellant is required by the 300-inch and 330-inch diameter pods for

a payload of 2.8 million pounds than with the Z60-inch diameter pods.

This effect can be traced to the differences in nozzle expansion ratios

which result in a lower trajectory average specific impulse for lower pod

diameters. Note that in the 8x106 pounds thrust case, the lower diameter

pods give the highest payloads. In the other thrust cases, the reverse is

true.
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3.3. 1. 1 (Continued)

The results of the parallel burn investigation led to the conclusions that

90 percent main stage throttling at a burn ratio of approximately .14 pro-

duces the maximum payload for all configurations. The variation of pay-

load due to burn ratio and diameter variation was small in the range

considered. A maximum payload of 3.06 million pounds was obtained with

ten 330-inch diameter pods at 12 million pounds of thrust per pod. For

this payload, 85 million pounds of pod propellant were required.

3.3. i.Z Zero Staging - Core Plus Strap-Ons

The results of the performance analysis of zero staged liquid strap-on

motors with throttled and unthrottled cores are presented in this section.

Figure 3-64 shows payload as a function of total pod propellant for the

maximum number of strap-ons. The propellant variation shown corres-

ponds to the three thrust levels considered.

The variation of payload with pod diameter was less pronounced in the

zero staging mode than in the parallel burn mode. Zero staging yields a

significant payload increase over the parallel staging mode, plus there is a

corresponding decrease in required pod propellant for the two upper

thrust levels (8 and 12 x 106 pounds per pod). For example, ten 330-inch

diameter pods at IZ x 106 pounds thrust per pod required 85 million

pounds of propellant to produce 3.06 pounds of payload in the parallel

burn flight mode (refer to Figure 3-63). While in the zero staging

mode, only 66 million pounds of pod propellant produced 4.4 million

pounds of payload.

Figure 3-65 presents the payload relationship versus propellant for

eight and four r_otors zero staged. For the four motor combination,

only the IZ x i0 million pound thrust level was considered due to the

thrust-to-weight constraint. Comparing these results with the parallel

burn data, zero staging yields a payload increase with less strap-on

propellant for the two upper thrust levels.

With the unthrottled core data for all zero staging combinations as a

reference, the effects of core throttling were next considered. From

Figures 3-66 and 3-67 it is seen that payload gains are realized

for both 75 and 90 percent throttling, 90 percent produced the highest

gain. The effects of 90 percent throttling were considered

for 4, 8, and 10 330-inchdiameter pods at 12 million pounds
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3. 3. i. 2 (Continued)

thrust/pod. Comparing these data with unthrottled zero stage data,

Figure 3-64 and 3-65, there is more payload gain due to throttling at the

lower number of strap-ons (370,000 pounds for four 330-inch pods) than

for the maximum number of strap-ons (150,000 pounds for ten 330-inch

pods).

It is seen from this study that zero staging with the unthrottled core

produces significant payload gains over parallel burn modes with less

propellant for all combinations except the 5 million pound thrust level

pods. Throttling the core produced further payload gains.

3. 3. i. 3 Parallel Burn with Injection Stage

Two basic unthrottled core plus strap-on plus injection stage vehicles

were considered; one with twelve 260-inch and the other with ten 330-inch

diameter pressure fed pods, both utilizing 12 million pounds of thrust

per pod. The pod propellant loadings of these selected two vehicles were

held the same as in the above study. Therefore, the liftoff thrust-to-weight

dropped below 1.25 due to the additional weight of the injection stage and

the increased payload.

Figure 3-68 presents payload versus injection stage propellant weight for

the unthrottled core plus twelve 260-inch and ten 330-inch diameter pods

burned in parallel. The effects of core throttling were evaluated for

twelve 260-inch diameter pod configuration plus a 750, 000 pound propellant

injection stage. A !40,000 pound payload increase resulted over the un-

throttled payload. However, the payloads resulting even from the three

million pound injection stage were lower than the maximums produced in

the zero staging mode, as presented below. Therefore, the parallel burn

plus injection stage mode was deleted from further study.

3.3. 1.4 Zero Stage with Injection Stage

Data on two zero staged configurations with unthrottled core are presented;

one complemented by twelve 260-inch and one by ten 330-inch diameter

pods. The pod thrust level was 12 million pounds per pod and the pro-

pellant loadings were the same as in the foregoing data. Therefore,

liftoff thrust-to-weight ratio was again below 1.25.

Figure 3-69 presents payload versus injection stage propellant for the un-

throttled core plus twelve 260-inch diameter strap-ons at 12 x l06 pounds

thrust per strap-on in zero stage mode.
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3. 3. 1.4 (Continued)

Data for the unthrottled core plus ten 330-inch strap-ons at the same pod

level is also shown.

To determine the effects of throttling, the ten 330-inch diameter straP-0n

configuration, plus the same injection stages, was flown with the core

throttled. A burn ratio of .15was selected for 90 percent throttling. The

payload versus injection stage propellant relationship is shown in Figure

3-70. When compared with the previous figure, it is seen that it is not

profitable from a payload standpoint.

In comparison with the zero staging plus throttled core results, it is noted

that payload increases as injection stage propellant is increased. The

payload gain, however, depends appreciably on the thrust-to-weight ratio

of the injection stage when it is ignited. For injecl;ion stage propellant

loading between .75 and 2.2 million pounds, the lower thrust-to-weight

injection stages produced the largest payloads. As propellant loadings

increased above 2.2 million pounds, higher injection stage thrust-to-weight

ratios were more profitable.

Thus, for the zero staging mode plus an injection stage, payloads from 4.6

million to 5. g million pounds are obtainable using injection stages with

propellants from . 750 to 3.0 million pounds, respectively. Core throttling

results in payload decreases over the unthrottled core, (zero staged plus

injection stage configuration)within the limitations of the cases examined.

3.3.2 Strap-On Configuration Flight Performance - Solid Motors

This section presents the performance capabilities for the nominal 75 ft

diameter, trade study main stage which is boost-assisted by various numbers

of 156-inch, 260-inch, and 300-inch diameter solid strap-on motors. The

core prope_ant was fixed at 16, 794, 6571h_ and the core drop weight was

based on a ma-ss fraction of .94. All vehicles were launched due east from

AMR, utilizing direct injection to the 100-nautical mile circular orbit.

'7"

Two methods of employing solid strap-ons were considered. With parallel

staging, the solid motors and full thrust core were ignited simultaneously

at launch. For zero staging, the solid motors were ignited at launch,

completely burned, and jettisoned at the initiation of full thrust main stage

ignition, Parallel staging flight modes employed a core throttling step,

where as zero staging analyses were primarily performed with an

unthrottled core burn.

Each solid motor diameter was represented by four unique sea level thrust.,

time histories which represented a reasonable range of thrust and burn times.
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3.3.2 (Continued)

Pertinent data for the solid motors, including the appropriate values of

and propellant loading which were used to define the solid motor drop

weights are given in Sections 3.3.2.3 through 3.3.2. 5. The solid pro-

pellant loading on a per motor basis was six million pounds for 300-inch

motors, five million pounds for 260-inch motors, and from 1.6 to 2.Z

million pounds for the 156 inch motors. The high length to diameter ratios

of the 156 inch motors resulted in grain design restrictions that limited

loading as a function of thrust.

The number of motors investigated for each strap-on diameter is listed

in Table III-14.

In the zero staged mode, it was not,possible to fly all the specified thrust

histories for the lowest number of motors in the table, since the launch

thrust-to-weight ratios were too low.

The results of this study indicate that throttling of the core produces

definite payload gains in both parallel and zero staged launch modes. For

parallel staging, a throttling level of 90 percent at a burn ratio of approxi-

mately.. 125 is recommended. For zero staging with 90 percent core

throttling, the optimum burn ratio will be approximately . 15, however,

the burn ratio is not a very influential parameter. The zero staging mode

gave greater payloads than the parallel burn mode withgiven solid motor

propellant weights larger than 30 million pounds. The zero stage trajectory

had greater velocity losses than the parallel burn operation, but its ideal

AV capability was considerably greater than the loss difference thus

giving it the greater payload.

3.3.2. 1 Parallel Staging

Figure 3-7_i .presents the gross payload capability of parallel staged vehi-

cles having 20, 16, and 12-156-inch strap-on motors. A11 parallel staged

vehicles utilized 90 percent throttling of the core and illustrate that the

burn ratio, in the range investigated, was not a significant parameter.

The S-3 motor was also investigated at 75 percent throttling, which re-

sulted a payload loss when compared to 90 percent throttling. The S-l

motors, due to their long burn times and low ignition thrust-to-weight

ratio severely penalized the vehicle performance. Therefore, the 156-inch

S-1 motors were dropped from further investigations.

Figure 3-72 presents the performance results of parallel

staging for twelve, eight and four 260-inch solid strap-ons.

Only 90 peroent core throttling was considered since it yields the
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3.3.2.1 (Continued)

best payloads for the burn ratios investigated. The data again shows

the payload is insensitive to burn ratio, which optimizes at approximately
• 135 for all cases considered.

Figure 3-73 presents the payload capability for ten parallel burned 300-inch

solid strap-on motors, as a function of ignition thrust per solid motor.

The core was throttled 90 percent and the burn ratio was fixed at . 125.

Since payload previously was found to be relatively insensitive to burn

ratio, these points satisfactorily represent the capabilities of the 300-inch

motors in the parallel burn mode.

3.3.2.2 Zero Staging

Figure 3-74 presents the payload as a function of total strap-on propellant

for zero staging with 156-inch solid motors, in conjunction with an un-

throttled core burn. On each curve, the number of solid motors employed

is a variable. The limits on each curve depend either upon the range of

motors considered, or ignition thrust-to-weight ratios which were found

approaching values lower than practical.

Figure 3-75 and 3-76 are essentially the same as above, except that the

data is for 260-inch and 300-inch solid strap-on motors.

A comparison between throttled and unthrottled cores for zero stage

vehicles with twelve 260-inch solid strap-on motors (S-4) produced the
following re sults:

a. Payload with unthrottled core = 4. 651 million pounds;

b. Payload with 90 percent throttled core (at Bz/B 1 = . 15) =
4. 872 million pounds.

3.3.2.3 Solid Propellant Rocket Motor Data

Solid propellant motors of three diameters were evaluated as strap-ons

to the core vehicle. The three diameters were 156 inches, 260-inches.

and 300 inches. Lockheed Propulsion Company provided the 156-inch

motor performance data and Aerojet-General Corporation provided the
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3.3.2.3 (Continued)

260-inch and 300-inch motor performance data.

All solid motor performance is based on nozzle exit diameter equal to
case diameter.

Solid motor propellant weights were determined by estimating that approxi-

mately 60 million pounds of strap-on propellant would be needed to achieve

a low Earth orbit payload capability of 4, 000, 000 pounds. The perimeter

of the core stage limited the number of 300-inch diameter solids to ten

and the number of Z60-inch diameter solids to twelve. Therefore, the

300-inch solid motor design was based on six million pounds of pro-

pellant each, and the 260-inch solid motor designs were based on five

million pounds of propellant each. It proved impractical to design the

156-inch diameter solids to fixed propellant weights since the motor

lengths restricted the amount of propellant that could be practically

accommodated. Therefore, the 156-inch diameter solid motors are based

on a tangent to tangent length of 2, 000 inches which approaches their prac-

tical L/D limit. The maximum propellant loading is fixed by the port to

throat area ratio and chamber pressure for the given thrust level.

3.3.2.4 156-Inch Diameter Motors

The 156-inch solid rocket motor data provided by Lockheed Propulsion

was based on a neutral thrust-time trace as requested. It was later decided

that a 50 percent regressive thrust-time trace would be used in the study

since it results in better performance for a fixed maximum dynamic pres-

sure. The Lockheed data was revised by Boeing assuming that the chamber

pressure was linearly 50 percent regressive. This assumption gives a

thrust regression of approximately 52 percent. Initial (maximum} cham-

ber pressure was assumed to be 1000 psia for all motors. The thrust and

mass flow rate histories used are shown in Figure 3-77 and 3-78. Other
motor data is summarized in Table III-15.

3.3. Z. 5 260-1nch and 300-Inch Motors

Performance data for 260 and 300-inch diameter solid motor based on a

50 percent regressive thrust trace were supplied by Aerojet-General

Corporation. Performance is based on a Maximum Expected Operating

Pressure (MEOP) of 800 psia and the ground rule of nozzle exit diameter

equal to case diameter. Nozzle and thrust vector control system weight

used to obtain the motor inert weights were based on a gimbaled nozzle

with l i/2 degree jet deflection. The thrust and mass flow rate time his-

tories used are shown in Figure 3-79 through 3-82. 260-inch solid motor

data is summarized in Table Ill-16 and 300-inch solid motor data is
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TABLE III- 15

156-1NCH DIAMETER SOLID ROCKET MOTOR CHARACTERISTICS

H-156S-I H-156S-2 H-156S-3 H-156S-4

Throat Area (in 2)

Area Ratio

Port Area fin2)

Initial Sea Level Thrust (Ibf)

Initial Sea Level Specific Impulse \(ibf-seclbm)

Vacuum Specific Impulse(lb_[2sec _ibm ]

Nominal Characteristic Exhaust

Velocity (ft/sec)

Propellant Weight (ibm)

Effective Mass Fraction

2000 3000 4000

9.557 6.371 4.778

2600 3900 5200

3,077,800 4,586,400 6,026,400

245.36 244.09 240.69

5000

3.823

6500

7, 415, 800

237.04

5131.5 5137.2 5140.2 5142.0

2, 196, 100 2,009,900 1,840, 300 1,648, 100

0.9177 0.9110 0.9031 0.8927

267.76 259.04 251.9 1 246.02
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TABLE III- 16
Z60-INCH DIAMETER SOLID ROCKET MOTOR CHARACTERISTICS

H-260S-I H-260S-2 H-260S-3 H-260S-4

-ID

Standard Specific ImpulseIlbf-seclbm )

Propellant Weight (ibm)

Average Pressure (psia)

Web Action Time (sec)

Action Time (sec)

Initial/Final Nozzle Throat Area (in 2)

Expansion Ratio

Port to Throat Area Ratio

Chamber Cylindrical Length (in)

Mass Fraction

248 248 248 248

5, 000,000 5, 000, 000 5, 000, 000 5, 000, 000

509 508 507 506

170 127_2 101.0 83.0

173.9 130.0 i03.3 85.0

9, ii0/ Ig, 252/ 15, 504/ 18, 942/

9, 348 IZ, 449 15, 681 19, i13

5.83 4.34 3.43 2.80

1.3 1.3 1.3 1.3

1796 2017 2308 2712

0. 924 0.918 0.910 0. 898



3. 3.2. 5 (Continued)

summarized in Table III-17.

3.3.3 St rap-On Design Impact on Main Stage Structure

Employment of strap-on boosters (liquid pod or solid rocket motors) is the
major means of obtaining the one to four million pound range of payloads.
The impact of boost-assist propulsion units on core structure was studied
to determine a means of maintaining a high mass fraction for the main-
stage, thereby minimizing the effect on its single-stage-to-orbit capability.
Effects of different boost assist methods, type of strap-on units, and
thrust reaction design on core loads were evaluated by comparison of
stage weights and/or structural loads for the following strap-on concepts:

a. Zero staging versus parallel burn;
b. Liquid strap-ons versus solid motor strap-ons;
c. Forward versus aft thrust take-out.

The weight changes investigated were restricted to primary structure
components; all other iner_ weights items were held constant. Structural
components of the mainstage were resized only when the design strap-on
loading exceeded the structural capability of the vehicle components as
established in Section 3. 1 of this report.

The structural weight impact of strap-on booster loads induced into the
main stage is summarized in Table III-18. This tabulation presents a
comparison of structural element weights and corresponding sizes required
to carry loads for the various modes of vehicle operation investigated.
Results of the analysis show that the SRM zero stage concept had the least
impact on the core weight. The nominal mainstage as defined in Section
3. 1 without strap-on capability had a mass fraction ( )_ ) of 0.9496. The

SRM zero stage vehicle required structural beef-up to the forward and

aft skirts, tank bulk_heads, and the LOX cylinder which reduced mainstage

design to 0.940 to have the capability for strap-on operation. If the for-

ward and aft skirt designs are tailored to the various modes of operation,

it is possible to have a mainstage design in which only propellant tank

structures have the capability for strap-on flexibility; single interchangeable

skirts are used for the particular flight configuration. Thus, for the case

of a mainstage designed for both SRM zero stage and single stage operation,

the mass fraction for the main stage would be 0.944 using light weight

skirts designed for single-stage-to-orbit flights as compared to 0.940 pre-

viously stated with the stage fully designed to fly in all configurations.
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TABLE III- 17
300-1NCH DIAMETER SOLID ROCKET MOTOR CHARACTERISTICS

H-300S-1 H-300S-2 H-300S-3 H-300S-4

Propellant Weight (ibm)

Initial Sea Level Thrust (Ibf)

Average Pressure (psia)

Web Action Time (sec)

Action Time (sec)

Initial/Final Nozzle Throat Area (in 2)

Expansion Ratio

Port to Throat Area Ratio

Chamber Cylindrical Length (in)

Inert Weight (Ibm)

Standard Specific Impulse/
ibm
ibf-sec )

6,000,000 6,000,000 6,000,000 6,000,000

10.8xl06 14.4xl06 18xl06 21.6xl06

511 509 508 507

169.7 127.7 101.7 83.8

173.9 130.8 104.2 85.9

I0,917/ 14,634/ 18,458/ 22,458/

ii, 178 14,849 18,651 22,645

6.48 4.83 3.83 3.15

1.3 1.3 1.3 1.3

1526 1694 1905 2182

483,285 520,530 571,035 639,400

248 248 248 248



TABLE 111-18 STRAP-ON IMPACT SUMMARY

I
I
I

FWD SKIRT

PROPELLANT CONTAINERS

UPPER BULKHEAD

LOX TANK CYLINDER

COMMON BULKHEAD

LH 2 CYLINDER

LOWER BULKHEAD

THRUST STRUCTURE

CONTINGENCY

TOTAL z_Wi

AP/L CORE ALONE %

INTERCHANGEABLE FWD &
AFT SKIRTS -

TOTAL AWi

P,'LCORE ALONE%

12-260" DIA. SOLIDS

ZERO STAGE

Z_WT.- LBS

(38,000)

(105,000)

PARALLEL
BURN

_WT - LBS

(42,500)

(I 18,500)

I0-330" DIA
PRESSURE

FED PODS

ZERO STAGE
z_WT - LBS

(82,80O)

(227,400)

24,500

19,000

54,400

0

7,100

(21,200)

(8,160)

(172,360)

4,700

6,600

37,500

65,000

4,700

(2 I, 200)

(9,060)

42,900

191,260

29,400

141,300

0

13,800

(21,200)

(16,560)

113, 100

.944

-7.2%

.939

-12.1%

127,560

•943

-8.1%

.931

-22.5%

243,960

.937

-15.5%

(347,960)



3.3. 3 (Continued)

Similar reasoning may be applied to the weights for the solid motor

parallel stage and the zero stage liquid motor listing. Table III-18 gives

core _ values of 0.939 and 0.931 for these two vehicles, respectively.

With interchangeable forward and aft skirts, the corresponding values of

the single stage vehicles increase to 0.943 and 0.937, respectively. All

weights quoted are with forward strap-on thrust removal which was deter-

mined to be the preferred vehicle design approach.

3.3.3.1 Zero Versus Parallel

Boost-assist vehicles can either be flown in a zero stage or parallel burn

mode. Zero stage operation has thrust levels obtained from strap-on

operation only. The parallel burn mode of operation has both the core

and strap-on motor contributing to total vehicle thrust. .An evaluation of

the impact upon the core vehicle was obtained using the following vehicle

configuration in both modes of operation: The nominal 75-foot diameter

mainstage plus twelve 260-inch S-2 solid rocket motor strap-ons.

Comparisons of these loads are presented in Figures 3-83 through 3-85.

The ultimate compressive load distributions (N c Ult.) for the zero stage

and parallel burn cases are shown in Figure 3-83 compared to the nominal

main stage loads of Section 3.1. Basic core vehicle design loads are

exceeded on the forward skirt and in the LOX tank shell in either mode of

operation. An overload occurs in the LH 2 tank shell when the core plus

strap-on vehicle operates in the parallel burn mode. Figure 3-84 com-

pares tension loads induced in the core by strap-ons with core vehicle

tension capability. Tank design pressures are presented in Figure 3-85

for the LH 2 tank and LOX tank. An 18 percent increase in LH Z tank lower

bulkhead pressure is experienced with core plus strap-ons in a zero stage

mode, while the core plus strap-ons in a parallel burn mode has a 20

percent pressure increase. In the LOX tank a 40 percent increase in the

lower bulkhead pressure is incurred for the core plus solid motor strap:ons

in either mode of operation.

Zero stage mode is preferred from a structural standpoint and was also

determined (Section 3.3.2) to provide better payload performance.

3.3.3. Z Liquid Versus Solid

Increased payload capability can be obtained by the addition of either liquid

pod or solid motor strap-on boosters. An evaluation to determine which

system was the most efficient relative to the mainstage structure was con-

ducted by selecting vehicle configuration and trajectories from Section 3.3.2
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3.3. 3.2 (Continued)

that had comparable performance (payload of approximately 4. 5 million

pounds). These vehicles were:

a. Nominal '75-foot diameter core plus twelve 260-inch S-2 solid motor

strap-on boosters;

b. The same core plus ten 330-inch liquid pod strap-on boosters.

Both of these vehicles operated in a zero stage mode with no core

throttling and used the forward attachment structural concept.

Comparison of compressive and tensile loads for each strap-on configurati¢_z_

with core design loads is shown in Figures 3-86 and 3-87. Compressive

load per inch of perimeter (N c ultimate) for the LH Z tank shell on both

strap-on vehicles is approximately 10 to 20 percent below the core alone

loads. A comparison of compressive loads on the forward skirt and LOX

tank shell shows a considerable increase over basic core design loads

(Reference, Figure 3-86). This overload is due to a combination of the

4. 5 million pound payload and vehicle longitudinal acceleration. Ultimate

tensile loads for both strap-on configurations are compared to the core

tension capability in Figure 3-87. No overload problem exists in the LH 2

tank shell, but loads in the LOX tank cylindrical shell exceed core tension

capability by a considerable margin.

Adding strap-on boosters to the core vehicle has its largest impact in the

design of tank bulkheads. Figure 3-88 shows a comparison of tank design

pressures for the two strap-on vehicles with core tank design pressures.

Apex pressures on the LH 2 bulkhead for the strap-on vehicle are 18 to

38 percent higher than the core vehicle. A 4Z to I00 percent increase in

tank pressure at the apex is seen for the LOX/LH 2 common bulkhead.

Liquid strap-ons impact the core more severely than solid strap-ons.

The primary reason for this is that the core plus liquid strap-ons with a

neutral thrust/time trace has a higher longitudinal acceleration at booster

cutoff. Longitudinal acceleration for core plus solid strap-ons is reduced

by use of a 50 percent regressive thrust trace. This difference could be

alleviated by throttling the pod thrust to produce a regressive thrust trace.

3.3.3.3 Forward Versus Aft Attachments Comparison

Thrust levels obtained by strap-on boosters result in an extremely large

force, acting on the core vehicle, which must be reacted bj the inertia of

the core. The nominal core design has been configured with a forward

holddown and strap-on boost assist attachment to minimize the effect of

the large force on stage structure. The nominal main stage design has its
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3.3. 3. 3 (Continued)

large inertia masses (payload and LOX) located in the upper portions of

the vehicle. The forward thrust take-out design reacts the large inertias

of the payload and LOX through a minimum length load path.

Operating the core plus solid motor atrap-ons in a zero stage mode entails

igniting the solid motors_ jettison of solid motor at solid fuel depletion,

ignition of the core engines, and burning the core to fuel depletion. Dur-

ing the solid motor barn, loads experienced by the core are primarily

for compressive aft attachment, whereas for the for_vard attach,_ent they

are primarily tensile. Compressive loads in b_th the LH 2 tank shell and

LOX tank shell are experienced daring core burn.

To show the advantage of the for_vard thrust reaction location, the effect

on the loads of the nominal mainstage with twelve 260-inch S-2 solid

motor strap-ons in a zero stage mode of operation was investigated. Time

histories of ultimate compressive load per inch of perimeter (Nc) were

computed for two representative mainstage stations 2173 _ft (LH 2 tank side

wall) and _173 forward (LOX tank side wall). The results are shown in

Figures 3-89 and 3-90. N c was calculated at time points of liftoff, max

{qCt), solid motor cutoff, core ignition, and core cutoff.

Structural design for the mainstage LH 2 tank shell is dictated by the ulti-

mate compressive load at max (q _ ). Figure 3-89 shows the time history

of compressive load for the LH 2 tank shell. For an aft strap-on attachment

concept, an extremely high ultimate compressive load at max (q_)

exists. This load is approximately three times the load experienced

during single-stage-orbit flight. Therefore the aft attach concept would

severely penalize the LH 2 tank structure weights. If the thrust from the

solid motors is introduced in the forward skirt area (forward attach con-

cept), the loading in the core vehicle LH 2 tank changes from a compressive

load to a tensile load which is within the core vehicle's tension capability •

Figure 3-90 presents a time history of load in the LOX tank shell and shows

that the compressive loads resulting from core plus strap-ons flight are

higher in compression than the capability required for single-stage-to-

orbit flight. This overload is independent of attachment location, and is

a direct consequence of core plus strap-on operation. The forward

attachment concept shows tensile loads higher than the core capability.

However, this overload will not design the side wall since hoop tension

loads (internal pressure) which are independent of attachment location

will design. The tank bulkhead beef-up is also independent of the

attachment location.
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4.0 CONFIGURATION DEFINITION

This section presents detail data for the selected Advanced Multipurpose

Large Launch Vehicle configurations. The performance and structural

efficiencies used in establishing the basic size and design arrangements

were taken from _.he results of the trade studies reported in Section 3.0.

The resulting configuration starting points for the analysis described in

this section are shown in Figure 2-I. It should be noted that the physical

size of these vehicles is smaller than those used in the trade studies de-

scribed in Section 3.0. Resizing the vehicles for the detailed design

studies was done to align the study results with the study objective of de-

fining a vehicle family with one to four million pound payload flexibility.

This section presents flight performance, aerodynamics, loads, stress,

control heating, acoustic and weight data which provides an engineering

definition of the selected configuration. Design and performance data

are presented for the multichamber plug and the toroidal/aerospike main-

stage configurations. The multichamber mainstage was used as the core

stage for the strap-on and injection stage performance analysis.

4.1 DESIGN

4. i. 1 Structures Design

4. I. I.1 Description

The core stage design shown in Figure 4-1 uses proven structural con-

cepts based on developed fabrication techniques. The trade studies con-

ducted (Section 3.0) determined the optimum component arrangement for

structural efficiency and the design impact resulting from adding the

injection stage and strap-on stages. These parametric design studies

established a configuration for the detailed design phase of this study.

The design details shown are representative of how the structural ele-

ments might look in an actual stage.

4. I.i. 2 Propellant Tanks and Lines

The tanks and bulkheads are 2Z19-T87 aluminum. The tank shells are

of welded skin-stringer-frame construction. The forward skirt and the

lower thrust structure are built-up skin-stringer-frame construction

using 7075-T6 aluminum. Although the multichamber engine system is

shown, the stage design can incorporate either the toroidal or multi-

chamber engine systems (see Section 4. 1.2).

Insulation is used on the entire LH2 tankage to prevent formation of
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4. i. i. Z (Continued)

liquid air on the tank wall exterior, to minimize boiloff at ground hold, and to

maintain the tank wall structure above -50°F. Propellant topping would

be used to compensate for LH2 boiloff during ground hold. The LOX

duct and common bulkhead also have an insulation coating to prevent LOX

freezing and differential thermal stresses in the honeycomb facings.

Semi-elliptical 0. 707 bulkheads were used for both the common and LH 2

bulkheads. The semi-elliptical bulkheads are tangent to a truncated cone

which intersects the cylindrical sidewalls with a 30 degree angle. A

true 0.707 ellipse was used for the upper LOX bulkhead. The common

bulkhead, shown in Detail I, Sheet 3 of Figure 4-I, is brazed or adhe-

sively bonded honeycomb structure. Preformed and welded ZZI9-T87

aluminum facings are welded to the -29 and -22 "Y" ring fittings before

being brazed or bonded to the 505Z aluminum flex-core so that inspection

of the welds can be made from both sides. Final bulkhead joining is

made with shims and blind fasteners. The LOX tank is welded to the -22

common fitting after the -30 junction ring is bolted on. This junction

ring takes the radial component of the common bulkhead load.

Detail Ill, Sheet 3 of Figure 4-i shows the 30 degree intersection of the

lower LHz bulkhead with the sidewall. Besides facilitating welding, the

30 degree semi-elliptical bulkhead decreased the thrust skirt length.

Detail If, Sheet 3, Figure 4-I shows the true 0.707 elliptical upper LOX

bulkhead intersecting the integral tee stringers in the LOX cylinder.

Both upper and lower bulkheads are monocoque Z219-T87 aluminum with

weld lands but no waffle patterns.

Several LOX feedline schemes were considered, but selection narrowed

down between a large center, single LOX duct and the multiduct design.

These were:

a. Bulkhead Penetration - The large LOX center duct would necessitate

a large center penetration in the LH2 lower bulkhead (similar to that

shown in the common bulkhead). Since the lower LH2 bulkhead is

monocoque, a large center penetration would induce local shear and

transverse bending (discontinuity) stresses and result in a weight

penalty;

b. Propellant Conditioning - In the case of the large center LOX duct,

the LOX feedlines would turn 90 degrees and curve upward following

the contour of the lower LH 2 bulkhead, and then turn through another

90 degrees to junction into the engine pump inlet flange. These two

90 degree turns would not only increase frictional flow losses, but

also would make propellant (LOX) conditioning (helium bubbling,
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4. 1. 1.2 (Continued)

thermal, or mechanical pumping) extremely difficult.

Thus, the individual LOX ducts were selected as the better design. As

shown in the figure, each LOX duct penetrates the lower bulkhead in an

area of relatively low stress. The LOX ducts are tied together and

braced with high-strength tension rods attached to collars surrounding

each duct. The collars, which are rigidly held in place by the tension

rods, act as radial dampers. Such dampers would act as coulomb and

impact dampers to prevent lateral excitation from inducing destructive

resonant lateral modes of vibration in the LOX ducts (experience has

shown such lateral modes constitute a serious problem).

A fine wire mesh is also wrapped around the duct tepee assembly to act

as an LH2 slosh damper and to give more support to the ducts. The

ducts themselves are an aluminum honeycomb for greater rigidity. Anti-

vortex baffles in both tanks are a tubular truss with a fine wire mesh

sail.

The individual LH 2 ducts are laid inside the tank. Clamps and bellows

tie the lines to the lower bulkhead but allow movement of the bulkhead.

Low propellant residuals can be achieved through the use of a propellant

utilization (P.U.) system consisting of a series of liquid-level sensors in

both propellant tanks. The liquid-levels would be sensed continuously at

close-time intervals near cutoff. The liquid-level signals are fed to a

computer which determines necessary flow corrections for assuring LOX

depletion and minimum hydrogen residual, while maintaining reasonable

mixture ratios.

4. I. I. 3 Forward and Aft Skirt

The forward ski-rt is a 7075-T6 Al skin-stringer-frame construction as

shown in Detail LI, Sheet 3 of Figure 4-I. The field splice to the payload

or injection stage is a circumferential bolt pattern to accommodate man-

ufacturing tolerances. A deep ring in the skirt (Sta. 1955) takes the

radial component of the holddown (Detail V, Sheet 5 of Figure 4-I) or

strap-on motor loads (Sections A-A and G-G). Two interchangeable for-

ward skirts are envisioned. One is designed for core stage only opera-

tion and is much lighter than the second, which is designed for the twelve

(12) solid motor plus a three (3) wafer injection stage configuration. The

second has a larger deep ring and heavier gage skins and stringers. It

would be used for all the intermediate payload configurations.
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4. 1. 1.3 (Continued)

The aft skirt is also a 7075-T6 aluminum skin-stringer-frame built-up

construction as shown in Detail Ill, Sheet 3 of Figure 4-I. The skirt

tapers in to allow enclosure of the engine system within the vehicle outer

contour. A deep thrust ring at the bottom and the internal junction ring

at the top take the radial component of the engine and solid motor loads.

4. 1. 1.4 Holddown and Solid Motor (SRM) Attachment

The innovation of the forward holddown and support concept was adopted

to reduce ground wind, emergency rebound, and strap-on thrust reaction

loads on the core structure. Providing holddown and support points in

the forward skirt reduces load path length for supporting the LOX tank

and reduces vehicle loads due to ground winds as compared to a base

supported, free-standing stage design. Impact of strap-on motors on

the core vehicle is minimized by reacting strap-on thrust into the forward

skirt which drastically reduces axial compressive loads in the core stage,

rather than imposing increased loads by use of an aft attachment.

Large shear post forgings are bolted into the forward skirt to take the

holddown and strap-on thrust loads as shown in Figure 4-I, Sheets 3 and

4.

A 23Oksi heat treated 4340 hollow steel pin in the forwarcl skirt

shear post will react the SRM thrust load at the skin line so that bending

is not introduced into the forward skirt. Backup fitMngs (Section G-G,

Sheet 4, Figure 4-1) locally strengthen the deep ring for the radial

thrust component.

The spherical bearing fitting allows mating freedom and relieves

binding at solid motor staging. The fitting is press fit into the shear

post. AI! three axis reactions are taken by this ball joint. The other

restraints are supplied by the tubular struts (roll) and slip joint (side)

at the aft end as shown in Section H-H. A solid spherical bearing in the

-61 fitting provides the necessary mating freedom.

Separation is achieved by explosive nuts in the forward ball joint (Sec-

tion G-G) and both aft tubular struts (Detail IV). Solid rocket staging

motors in the forward and aft skirt propel the SRM sideways after re-

lease.

A nominal clearance between the core vehicle and the strap-on motors

provides access for installation and inspection requirements. Attach-

rnent weights are shown in Table IV-1.
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4. i. I.4 (Continued)

(i)
TABLE IV-I SOLID ROCKET MOTOR ATTACHMENT WEIGHTS

Nose Cone 5,060

Forward Skirt and Support Struts 19,772

Aft Skirt and Attach Fitting 5, 340

Contingency I, 260

Total Weight, each SRM 31,432 pounds

(1) Structural elements in addition to the basic motor case

and nozzle

The launch pad support and holddown concept sketch on Sheet Z of Figure

4-1 schematically shows the core stage supported by booms that pull back

upon vehicle release. When strap-on motors are used, they support the

core through their forward skirts. The motors, in turn, are supported
at their base.

Boom attachment to the vehicle is shown in Detail V, Sheet 5 Figure 4-1.

Vehicle release is accomplished by releasing and driving the tension
shear pin inward.

4. 1. 1.5 Thrust Structure

The thrust structures for either the multichamber plug engine system

(Pratt and Whitney) or the toroidal aerospike engine system (Rocketdyne)

are essentially the same except for thrust posts on the multichamber de-

sign and an air shroud on the toroidal aerospike design. Both are a

7075-T6 aluminum skin-stringer-frame-skirt tapered down to a deep ring

frame, to which the engine system interfaces.

The deep frame in the thrust structure (directly forward of engine thrust

fittings) acts as a mounting frame for strap-on aft attachments.

Helium pressurant bottles (412 cubic feet at 37 ° Rankine and 3, 000

pounds per square inch), are located in the aft skirt area. The

helium is passed through an engine heat exchanger before being fed into

the LOX tank. LH 2 for pressurization is tapped off the inlet pump and

directed to engine heat exchanger, before being fed into the LHz tank.

Both pressurization feed lines are enclosed in an external tunnel attached

to the tank walls.
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4. 1o 2. Propulsion System

4. 1. Z. 1 Multichamber/Plug Engine System

The multichamber plug engine system is a series of bell engines clustered

around a centerbody plug as shown in Figure 4-Z, Sheets I and 2. The

engines hinge out radially at liftoff and swing back in at altitude. The

sealing bulkhead (-9) keeps exhausts from recirculating as well as in-

creasing the plug area for the aerospike effect. The plug is LH2 regen-

eratively cooled. Plug support is achieved by atubular truss, either 6AL-

4V titanium or filament type construction. Spherical bearings at tube

ends provide mating tolerances and ensure true pinned connections.

The multichamber engines are attached to thrust fittings at the aft section

of the thrust posts. The engine manufacturer would furnish the plug

centerbody and engine system. The interface with the vehicle contractor

would be the engine thrust fittings and the aft truss fittings; vehicle con-

tractor would furnish the truss structure.

4. 1. Z. 2 Toroidal Aerospike Engine System

The toroidal aerospike engine is an eight segment, open chamber, engine

system as shown in Figure 4-3, Sheets 1 and 2. The combustion chamber

is LH2 regeneratively cooled.

(c)

The engine interfaces with the vehicle at the vehicle thrust structure frame (C)

located at Station 405, and the oxidizer and fuel pump inlet flanges. The

helium and hydrogen gas pressurant lines interface at the ports located

on each hydrogen turbopump exhaust duct. Each engine segment attaches

to the vehicle thrust structure through bolted flanged connections at the

interface frame. The bolts are loaded in tension and support the dry en-

gine weight. When the engine is operating, the thrust load is transmitted to the

vehicle through the structural attach frame. The vector diagram on

Sheet 2 shows the basic stability of the engine by itself. Normal firing

produces no moment on the aft thrust ring, only vertical thrust loads

and a radial component into the deep ring frame.

The engine utilizes one fuel and one oxidizer pump inlet supply duct for

each segment. The turbopump locations shown in Figure 4-3 were selected

to provide the easiest method for mounting the turbopump to the center-

body.

(c)
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4. I. 2. 2 (Continued)

A mylar/phenolic/aluminum aerodynamic fairing (-g3) protects the over-

hanging thrust chamber from wind loads. The fairing only bears against

the thrust chamber so as not to restrict engine deflections.

4. 1.3 Injection Stage Design

Figure 4-4 shows the injection stage design. Toroidal tanks were select-

ed to reduce skirt lengths. The open center space can be used for part of

the payload envelope such as a nuclear engine, airlock, docking structure,

or return capsule. Another advantage of a toroidal tank arrangement is

its adaptability to the modular approach for accommodatinR ,t wide range

of propellant capacities.

Each tank is a semi-monocoque torus of welded 2Z19-T87 aluminum with

stiffening shear ribs to maintain the cross section circularity. The inner

torus hangs from a fiberglass cylindrical skirt of the outer tank. The

outer torus is also circumferentially pin connected with spherical bearing

fasteners so that only dead weight is transmitted to the outer shell. Cross

sectional hoop (pressure) loads design skin thickness, leaving approxi-

mately 80 percent stress capability in the circumferential (meridional)

direction. This capability is utilized as carry-over structure. Twisting

inward of each torus is restrained by the induced circumferential (merid-

ianal) stresses in the torus itself, thus increasing the overall structural

efficiency of the stage.

The engines are mounted on cantilever trusses from two moment-restrain-

ing ring frames. Additional engines are merely added around the ring

frames as necessary. Interchangeable exact strength ring frame assem-

blies could be used instead of a single full strength ring frame assemblies

for the additional engine configurations. The extendable nozzle engines

are nested into the forward skirt area of the main stage.

Core separation is accomplished by pyrotechnic cutting of the interstage

near Station 2090.

In the multi-wafer design, each wafer is supported by its own on a 7075-

T6 aluminum cylindrical skirt. The wafers are joined by a circumferen-

tial bolt pattern, as shown in Detail IV, Sheet 3 of Figure 4-4 to accommo-

date mating tolerances. Tanks are connected by a stainless steel convo-

lute bolted into the aluminum tanks (Detail III, Sheet 3 of Figure 4-4). A

teflon outer convolute acts as an insulator for the inner convolute and is

coated with a spray-on type polyurethane
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4. I. 3 (Continued)

The drop weight of a single wafer injection stage with engines is estimated

to be 98, 000 pounds with a usable propellant weight of 450,000 pounds. A

residual propellant weight representing three percent of the usable pro-

pellant is included to account for propellant trapped in tanks, lines and

engines. A contingency factor of five percent was applied to all struc-

tural items to account for fasteners, fittings, machining tolerances, and

design uncertainties. These factors were included in the estimat{,{I weight.

4.2 FLIGHT PERFORMANCE

4.2. I Main Stage

The multichamber and toroidal main stages have 16 million pounds thrust

at sea level. The launch thrust/weight ratio is I. 25 The trajectory opti-

mization determined the burn ratio that provided the maximum weight in

orbit for the ninety percent core throttling flight mode. The propulsion

data used for the multichamber and the toroidal propulsion system is

given in the following sections.

The mission weight history for the multichamber core baseline vehicle

is presented in Table IV-Z, and the trajectory data is given on Table

IV-3. The mission weight history for the toroidal core baseline vehicle

is presented in Table IV-4 and the trajectory data is given in Table IV-5.

Figure 4-5 shows the direct injection payloads to a 300 nautical mile orbit

as a function of burn ratio for a 90 percent throttled multichamber core

vehicle. At the optimum burn ratio 0.24 the payload is 785,000 pounds.

The burn ratio is relatively sensitive; the one percent payload band lies

between 0. Z2 and 0. ?6.

4.2.2 _Core Plus Injection Stage

The core plus injection stage vehicle was formed by complementing the

multichamber core vehicle with an injection stage having a thrust of 500K

pounds, a propellant loading of 450K pounds, a X_ = . 821, and a specific

impulse of 467 seconds. The addition of the injection stage and the in-

creased payload for this vehicle resulted in a launch thrust to weight of

1.18.

The mission weight history for the baseline multichamber core plus in-

jection stage vehicle is presented on Table IV-6 and the trajectory data

is given on Table IV-7. It is seen in Table IV-6 that the core stage drop

weight is given as 708,520 pounds. This weight is based on an assumed

stage mass fraction of .94, which was used for the performance analysis.
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TABLE IV-2

MISSION WEIGHT HISTORY

MULTICHAMBER VEHICLE

I00 N. HI. ORBIT MISSION

IGNITION THRUST (S. L.)

THROTTLED THRUST (VAC)

LIFTOFF WEIGHT

PROPELLANT CONSUMED

PROPELLANT BURNED AT FULL THRUST (BI)

PROPELLANT BURNED AT REDUCED THRUST (B2)

BURN RATIO (BZ/BI)

STAGE DROP WEIGHT

LAUNCH AZIMUTH

THRUST-TO-WEIGHT RATIO AT LIFTOFF

GROSS WEIGHT IN i00 N. MI. ORBIT

GROSS PAY LOAD

16,000,000 LBS

I, 950,000 LBS

12,800,000 LBS

11, 100, 160 LBS

9,945,376 LBS

I, 154,784 LBS

• I161

705,690 LBS

90 DEG

1.25

i, 699,840 LBS

994, 150 LBS
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TABLE IV-3

MULTICHAMBER TRAJECTORY DATA

po

O

EVENT TIME

(SEC)

ALT. RE LATIVE AC CE L. DYN.

(103 FT. ) VELOCITY (g's ) PRESS

(FPS) (LB/FT 2)

LIFTOFF 0.0 0.0 .0 I. Z5

MAX Q (I) 80.00 41.04 1,440 I. 84

MAX ACCEL Z34.339 328.61 17,059 6.83

THRUST

REDUCTION 234.339 3Z8.61 17,059 . 683

BURN-OUT 504. 698 607.6 24, 189 I. 15

0.0

6Z8. Z5

. I0

.10

0.0

REL. FLT.

PAT H

ANGLE

(DEG)

90.0

54.71

7. 645

7. 645

0.0

(I) Q=Dynamic pressure



TAB LE IV-4

MISSION WEIGHT HISTORY

TOROIDA L VEHICLE
I00 N MI. ORBIT MISSION

IGNITION THRUST (S. L. )

THROTTLED THRUST (VAC)

LIFTOFF WEIGHT

PROPELLANT CONSUMED

PROPELLANT BURNED @ FULL THRUST (B 1)

PROPELLANT BURNED AT 10% THRUST (B2)

BURN RATIO {BZ/B1)

STAGE DROP WEIGHT

LAUNCH AZIMUTH

THRUST-TO-WEIGHT RATIO AT LIFTOFF

GROSS WEIGHT IN I00 N. MI. ORBIT

GROSS PAYLOAD

16,000,000 LBS

l, 976,216 LBS

12,800,000 LBS

*ii, 145,645 LBS

9,993,271 LBS

I, 152,374 LBS

• 1153

634,400 LBS

90 DEGREES

1.25

i, 654,354 LBS

i, 019,954 LBS

2O2



TABLE IV-5

TOROIDAL TRAJECTORY DATA

I'o

O

Oo

EVENT TIME ALT.

{SEC) (103 FT. )

LIFTOFF 0.0 0.0

MAX Q (1) 81.0 41.76

MAX ACCEL 231. I 322.9

THRUST

REDUCTION 231. 1 322.9

BURN-OUT 490. 1 607.6

RELATIVE ACCEL. DYN. REL. FLT.

VELOCITY (g 's) PRESS PATH ANGLE

(FPS I (LB /FT 2) (DEG)

o o 1.z5 o o 90.0

1470. 1 I. 88 635.5 53.4

17, 138.7 7.04 . 15 7.83

17, 138.7 7.04 . 15 7.83

Z4, 189.7 1. 19 .0 0 .0

(I) Q=Dynamic Pressure
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TABLE IV-6

MISSION WEIGHT HISTORY

MULTICHAMBER CORE + ONE-MODULE INJECTION STAGE
{UNTI-IROTT LED CORE)

I00 N. MI. ORBIT MISSION

CORE

IGNITION THRUST (S.L. )

LIFTOFF WEIGHT

PROPELLANT CONSUMED

STAGE DROP WEIGHT ( )k'= .940)

LAUNCH AZIMUTH

T/W RATIO AT LAUNCH

INJECTION STAGE

IGNITION THRUST (VAC)

WEIGHT AT IGNITION

PROPELLANT CONSUMED

STAGE DROP WEIGHT (_k'= •8ZI)

T/W RATIO AT IGNITION

16,000,000 LBS

13,535, 173 LBS

1I, I00, 160 LBS

708,520 LBS*

9O DEG

1.18

500,000 LBS

i,776,468 LBS

450,000 LBS

98, 117 LBS

•z9o

GROSS WEIGHT IN i00 N. MI. ORBIT

GROSS PAYLOAD

i,276,468 LBS

i, 178,356 LBS

* DESIGN WEIGHT = 717,180
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O

O _

EVENT

TABLE IV-7

MULTICHAMBER CORE + ONE-MODULE INJECTION STAGE TRAJECTORY DATA

TILE ALT. RELATIVE ACCEL. DYN.

(_EC) (103 FT.) VELOCITY (g's) PRESS

(FPS) (LB/FT Z)

LIFTOFF 0.0 0.0 0.0 I. 18 0.0

MAX Q (1) 90.0 43.20 1,455.7 1.80 587.5

COV START (2) 200.0 178.4 9,70Z. 3 3.85 60.03

MAX ACCEL

(CORE BURNOUT) 261.5 Z56. I Z0, 185.9 8.00 ll.8

INJE CT ION

STAGE BURN-

OUT 681.9 607.8 g4, 194.4 .39 0.0

REL. FLT.

PATH ANGLE

(DEG)

90.0

50. I

457.0

5.99

0.0

(1) Q=Dynamic Pressure

(2) COV--Calculus of Variation Steering Routine



4. Z. Z (Continued)

The design weight (717, 180 pounds) was obtained from detailed loads,

stress and weights analysis which were done later in the study.

Figure 4-6 presents the payload to a I00 nautical mile orbit, as a func-

tion of burn ratio, for the multichamber mainstage plus injection stage

vehicle and shows that a O. 0 burn ratio (no throttling of the core) gives the

maximum pe rformance.

The payload capabilities to a 300 nautical mile orbit are defined for the

multichamber mainstage plus injection stage configuration for the follow-

ing trajectory modes:

a. A direct injection mission;

b. Hohmann transfer from a I00 nautical mile orbit to a 300 nautical

mile orbit, with no main stage throttling.

Figure 4-7 presents, as a function of burn ratio, the payload capabilities

for the direct injection flight mode to a 300 nautical mile orbit. The pay-

load is seen to be very sensitive to burn ratio with maximum payload

occurring with a burn ratio of . 08. The Hohmann transfer flight mode

from I00 nautical miles to 300 nautical miles for this vehicle, with an

unthrottled core, gave a payload of I, 096,908 pounds, which is a 14 per-

cent improvement over the direct injection mode. The Hohmann transfer

was conducted by injection stage cutoff at a I00 nautical mile perigee with

sufficient velocity to allow coasting to the desired 300 nautical mile apo-

gee, followed by reignition to achieve a circular orbit.

4.2.3 Main Stage Plus Strap-on Solids Configuration

The standard mission consisted of direct injection into a 100 nautical mile

orbit, with due east launch from AMP,. The multichamber/plug main-

stage was employed for all p6rformance studies with solid strap-ons. The

mainstage's propellant capacity was fixed at 11, 100, 160 pounds, and a con-

figuration drop weight based on a core mass fraction of 0.94 was used for the

plots presented in this section. The propulsion data for the solid motors,

including drop weights and propellant loadings, are given in the following sections.

Table IV-8 presents the mission weight history. The drop weight shown in this

table corresponds to the final configuration. Table IV-9 presents the

trajectory data for the selected multichamber core plus 12-2.60 inch SRM vehicle

Figure 4-8 presents the payload for a 90 percent throttled multichamber

core at a burn-ratio of 0. 125, for flight configurations with 4 to iZ
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90% THROTTLED MULTICHAMBER CORE + INJECTION STAGE
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TABLE IV-8

MISSION WEIGHT HISTORY - I00 N. MI. ORBIT

MULTICHAMBER CORE + 12-260" SOLID STRAP-ONS

(SRM ARE ZERO STAGED)

SOLID STAGE

IGNITION THRUST (S. L. )

LIFTOFF WEIGHT

T/W RATIO AT LAUNCH

PROPELLANT CONSUMED

STAGE DROP WEIGHT IX =

LAUNCH AZIMUTH

.90)

I08, 000,000 LBS

66, 132,015 LBS

1.63

45,720,000 LBS

5,076,000 LBS

90 DEG

CORE

IGNITION THRUST (VAC)

WEIGHT AT IGNITION

T/W RATIO AT IGNITION

PROPELLANT CONSUMED

PROPELLANT BURNED AT FULL THRUST (B i)

PROPELLANT BURNED AT REDUCED THRUST

(B2)

BURN RATIO (BZ/BI)

THROTTLED THRUST (VAC)

STAGE DROP WEIGHT

GROSS WEIGHT IN ORBIT

GROSS PAY LOAD

19,500,000 LBS

15,335,970 LBS

i. 27

Ii, 100, 160 LBS

9, 86 i, 919 LBS

i, 238,241 LBS

• 1255

i, 950,000 LBS

764,040 LBS

4,235, 8 i0 LBS

3, 47 i, 770 LBS
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TABLE IV-9

bo

EVENT

LIFTOFF

(1)
MAX Q

MAX ACCEL.

(DU RING SO LID

BURN)

CORE THRUST

REDUCTION

BURNOUT

TRAJECTORY DATA FOR MULTICHAMBER CORE + IZ - Z60" SRM STRAP-ONS

TIME ALT. RELATIVE ACCEL. DYN. REL. FLT.

(SEC) (FT.) VELOCITY (g's) PRESS PATH ANGLE

(FPS) (PSF) (DEG)

0.0 0.0 0 1.63 0°0 90.0

60.0 39.961 i, 777 2.09 998.0 46.7

131.6 160,529 6,623 3.10 52.8 16.1

264. I 442, 588 22, 045 3. 56 0.0 3.7

654.0 607,631 24, 193 .46 0.0 0.0

(1) Q=Dynamic Pressure
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4. Z. 3 (Continued)

260 inch solid motors. In the range of investigation, payload is almost

doubled from i. 78 million pounds to 3.53 million pounds.

Figure 4-9 presents the payload capability of the baseline core plus 12 -

260 inch solid rocket motor vehicle for direct injection to a 300 nautical

mile orbit. The optimum burn ratio is 0.28 at 90 percent core throttling,

yielding a maximum payload of Z. 92 million pounds.

4. Z. 3. 1 Alternate Core Burning Modes

An investigation of a partial parallel-staging mode on the multichamber

mainstage plus 12 - Z60 inch SRM configuration was accomplished. The

core was operated at reduced thrust during the SRM burn period, then

burned at full thrust after SRM staging, and later throttled 90 percent.

The ratio of core propellant burned at final throttling to the core propellant

burned in the parallel and full thrust modes was 0. 10. As expected pay-

load improvement over the current zero staged baseline vehicle value of

3,527,290 pounds was not achieved. The results of this investigation are
as follows :

a. Sixty percent throttling at vehicle liftoff yields a payload of 3,352,485

pounds ;

b. Ninety percent throttling at vehicle liftoff yields a payload of 3,484,566

pound s.

About one percent payload penalty was incurred with the 90 percent

throttling case (b) as compared to the zero stage mode. Case (b) may be

the preferred flight mode when mission reliability and base heating pro-

blems are considered. This mode allows the mainstage to be ignited be-

fore vehicle release which should improve vehicle reliability since an

ignition failure would only result in a launch abort rather than a lost ve-

hicle and @ayload. Also the base heating environment (See Section 4.7) on the

mainstage engines is severe; the best design solution may be to operate

the mainstage engines at a thrust level high enough to provide active cool-

ing of the plug with circulated hydrogen.
f

4. Z. 3.2 Alternate Size Solid Motors

Figure 4-i0 presents the payload capabilities for vehicles having a 90

percent throttled multichamber mainstage (at various burn ratios) plus

zero staged solid strap-ons of 12 - 285 inch and I0-37Z inch motors. The

diamter of solid motors employed was set by mainstage geometric consid-

erations which limits the maximum diameters for a given number of motors.
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90% THROTTLED MULTICHAMBER CORE + SOLID MOTORS
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4. Z. 3. Z (Continued)

This figure also illustrates that payloads between approximately 3.5

million pounds to 4.5 million pounds are possible. The maximum dynam-

ic pressures corresponding to these trajectories were found to be between

970 and 1,050 pounds per square foot.

4. Z. 4 k4ainstage Plus Strap-on Solids Plus Injection Stage

Configuration

The injection stages which were employed had a thrust level (VAC) of

500,000 pounds and a propellant loading of 450,000 pounds per module.

Engine specific impulse was 467 seconds. Drop weights were based on

the following :

TABLE IV-10 INJECTION STAGE MASS FRACTION

Number of Mass

Module s Praction

1 .SZl

2 .854

3 .869

4 .876

Table IV-11 presents the mission weight history. Table IV-12 presents

the trajectory data for the baseline multichamber core plus 12 - 260 inch

SRM plus three module injection stage vehicle.

Figure 4-11 illustrates the effect on I00 nautical mile payloads of varia-

tions in the number of injection stage modules used to complement an

unthrottled multichamber core plus 12 - 260 inch SRM vehicle. The

representative configuration for this family was selected to have a three

module injection stage. This selection was based on the payload differ-

ence between three and four modules which is about 6,000 pounds. This

slight increase in payload would not warrant the added design complex-

ities associated with adding the fourth module.

Figure 4-12 identifies the payload capabilities to a 300 nautical mile orbit

for direct injection missions involving the representative core plus 12 -

260 inch vehicle configuration SRM's plus a 3-module injection stage

identified in Figure 2-1. A maximum payload of 3. 17 million pounds

occurs at a core burn ratio of 0.06. Hohmanntransfer mode from 100 to

300 nautical miles with this vehicle, gives a payload of 3,534,902 pounds.

The Hohmann transfer was conducted by injection stage cutoff at a 100

nautical mile perigee with sufficient velocity to allow coasting to the
f%#'% & I I" • ,_r .... "_

Z16
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T AB LE IV- 11

MISSION WEIGHT HIST ORY

MULTICHAMBER CORE + 12-260" SRM+ 3 MODULE INJECTION STAGE

(ZERO STAGE SRM & UNTHROTTLED CORE)

I00 N. MI. ORBIT

SOLID STAGE

IGNITION THRUST (S. L. )

LIFTOFF WEIGHT

T/W RATIO AT LAUNCH

PROPELLANT CONSUMED

STAGE DROP WEIGHT ( )%'=

LAUNCH AZIMUTH

CORE

IGNITION THRUST (VAC)

IGNIT ION WEIGHT

T/W RATIO AT IGNITION

PROPE LLANT CONSUMED

STAGE DROP WEIGHT ( )%'=

INJECTION STAGE

IGNITION THRUST (VAC)

IGNITION WEIGHT

T/W RATIO AT IGNITION

PROPELLANT CONSUMED

STAGE DROP WEIGHT ()_ =

GROSS WEIGHT IN ORBIT

GROSS PAYLOAD

•9o)

•94)

• 869)

108,000,000 LBS

67,895,973 LBS

1.59

45,720,000 LBS

5,076,000 LBS

90 DEGS

19,500,000 LBS

17,099,928 LBS

i. 14

1I, I00, 160 LBS

708,520 LBS ;'.-"

i, 500,000 LBS

5,291,248 LBS

•Z83

i, 350; 000 LBS

203,510 LBS

3,941, Z48 LBS

3,737,738 LBS

* DESIGN WEIGHT - 764, 040 LBS
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Po

Qo

E VENT

LIFTOFF

MAX Q (I)

MAX ACCEL

(DURING SOLID

BURN)

CORE BURNOUT

INJ, STG,

BURNOUT

TABLE IV- 12

TRAJECTORY DATA FOR MULTICHAMBER CORE + 12 - 260" SRM

STRAP-ONS + 3 MODULE INJECTION STAGE

!!

TIME ALT. RELATIVE ACCEL. DYN. REL. FLT.

(SEC) (10 3 FT.) VELOCITY (g's) PRESS PATH ANGLE

(FPS) (LB /FT 2) (DEG)

0 0.0 0.0 1.59 0.0

62.0 40,249 l, 728 2.03 932.3

131.6 149, 979 6, 125 2.85 67.6

393.2 395, 229 20, 127 3.25 0.0

825 607, 397 24, 338 .38 0.0

90.0

47.2

15.5

4.3

0.0

(I) Q=Dynamic Pressure
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WP C = 11,100,160 LBS

WP S = 45,720,000 LBS

WPIS = 1,350,000 LBS

3.4 --'_rDIs = 203,510 LBS

(1.544)

MULTICHAMBER CORE + 12 - 260" SRM + 3 MODULE I.S.

DIRECT INJECTION TO 300 N. M. ORBIT (DUE EAST FROM AMR)
90% CORE THROTTLING AND SRM ARE ZERO STAGED

CORE DROP WEIGHT BASED ON X = .940

NOTE FINAL VEHICLE CONFIGURATION

X = .936 ,,
1
!

A

O

[n

O

I
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L_

3.2

(1.453)

3.0

(i.362)

r
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CORE BURN RATIO - B2/B 1
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FIGURE 4-12 GROSS PAYLOAD VERSUS CORE BURN RATIO
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4. Z.4 (Continued)

desired 300 nautical mile apogee. At the perigee, the injection stage was

reignited to achieve a circular orbit.

4.3 PROPULSION SYSTEM DATA

4.3. 1 Main Stage Multichamber Plug Cluster Engine

The multichamber data was provided by Pratt and Whitney (Ref. 31) Specifically

for the selected AMLLV main stage shown in Figure 2-1.

The multichamber engine is composed of 24 bell nozzle engine modules

clustered around a conical plug. The engine cluster operates with the
modules in the axial direction from launch to an altitude of 47,000 feet

where the modules are hinged onto the plug for the remainder of the

boost trajectory. The engine is capable of providing thrust vector con-

trol by hinging opposing 90 degree quadrants of modules. The basic de-

sign conditions of the engine are shown below:

(c)

a. Sea level thrust (pounds), 16,000,000;

b. Vacuum thrust (pounds), 19,500,000;

c. Number of modules, 24;

d. Module chamber pressure (psia), 3,000;

e. Engine diameter (feet), 71.7;

f. Engine length (feet), 31.5;

g. Engine weight (pounds), Z05,400

The engine modules are of the staged combustion cycle with a bell expan- (C)

sion nozzle. This engine type is described in Reference 4 and is currently
under contracted investigation. A module vacuum thrust of 793,000

pounds is required to provide the necessary cluster thrust (16 million

pounds) at sea level. The performance data provided, Figure 4-13, in-

cludes losses due to reduced base pressure when the engine is operated

at low altitudes with the modules in the axially directed position. At high

altitudes, the engine operates with the modules hinged onto the plug. In

this configuration, the engine vacuum performance is increased by the

larger area ratio afforded by the plug. Throttling vacuum performance
is given in Figure 4-14.

_ ;: [: L,_,.....T ,..^_.,
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4.3. 1 (Continued)

The plug is cooled by low pressure hydrogen tapped from the boost pump

discharge. After cooling the plug, the hydrogen is burned with oxygen to

provide the required gaseous flow (i. 5 percent of total engine flow)

through the plug base. The low temperature exhaust of the base press-

urization burners allows the design of uncooled plug base structure and

burners.

The propellant tank pressurization is supplied by the main propulsion

system. Gaseous hydrogen is bled from the modules regenerative cool-

ant discharge and collected in a common manifold. The oxygen tank is

pressurized by helium stored at LH2 temperature and heated to 500 de-

grees R in module mounted heat exchangers.

The multichamber design layout provided (see Section 4. I. 2) illustrates

the component arrangement and the major design features of the instal-

lation. The plug is constructed of honeycomb sidewalls with a sheet/truss

base plate. The sidewalls are cooled by low pressure hydrogen flowing

through lightweight panels which form the conical plug. The plug thrust

loads are transmitted from the plug to the main thrust ring by truss

members. The materials used in the plug construction are mainly alum-

inum and Inconel 718.

The engine weight determined for this design was 205,400 pounds. The

weight breakdown is shown in Table IV-13.

TABLE IV-13 MULTICHAMBER ENGINE WEIGHT BREAI4DOWN

Modules 176,000

Plug 15,900

Plug Support Structure 2,500

TVC 9,800

Plumbing and Miscellaneous I, 200

The module weights include the modules, helium heat exchanger, con-

trols, and hinge. The plug weights include the plug, the cooled sidewall,

and the base pressurization system.

(c)

(c)

(c)

(c)



4.3.2 Main Stage Toroidal/Aerospike Engine

The data presented in this section was provided by Rocketdyne (Reference

32) specifically for the selected AMLLV main stage.

Takeoff thrust was established to provide the basic core vehicle of the

AMLLV configuration with approximately 1,000,000 pound payload capa-

bility to low Earth orbit. Vehicle diameter and mixture ratio were se-

lected from the vehicle trade studies presented in Section 3.1. Propul-

sion system operating parameters such as chamber pressure, cooling

method and nozzle length were selected from the results of the payload

optimization studies reported in Reference 33. Results from these two

studies, which agreed closely, were used to select the engine design

operating parameters presented in Table IV-14.

4.3.2. 1 De s cription

The point design aerospike engine described in Table IV-14 has eight in-

dependent modules. This design uses a completely regenerative cooled

thrust chamber, which operates at 2,000 psia, and has a tapoff drive

power cycle. Turbine exhaust gases are used to heat the helium and

hydrogen pressurant gases. This same exhaust gas is then used to pro-

vide secondary flow in the aerospike nozzle. The aerospike nozzle is a

15 percent length design (based on a 15 degree half angle conical nozzle).

Thrust vector control is accomplished by injecting a small portion of the

engine oxidizer into primary gas stream.

4.3.2.2 Aerospike Engine Design

The engine has a maximum diameter of 860 inches and its length is 245

inches. All engine hardware, lines, manifolds, and structure are con-

tained within the maximum stage diameter. A lightweight nonstructural

aerodynamic fairing is required above the engine to protect the engine

LOX 2 manifolds and lines from aerodynamic heating during the boost tra-

jectory.

The aerospike engine design has eight independent modules. Each module

is essentially a complete system, in that it contains its own turbomachin-

ery (one oxidizer and one fuel turbopump), feed system components,

thrust chamber segment, and engine system controls.

Each engine module includes a heat exchanger which is contained in the

hydrogen turbine exhaust duct. The heat exchanger is a composite design

in which the helium and hydrogen exchangers are mounted within the same

shell (Reference 3). Both use a tubular helical construction concentrically

mounted in the duct. A total of 8 of these composite heat exchangers are

_r,N |,r-, .-, .- ......
..... , I_i.II I II]i.. -
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4.3.2. Z (Continued)

used to supply pressurant gases to the fuel and oxidizer tanks.

exchanger flow rates are presented in Table IV-14.

Heat (c)

The oxidizer and fuel turbopumps are designed to operate at nominal

NPSH values of 20 and 40 feet, respectively. The turbopump designs

are of the type described in Reference 3 and are capable of 10:1 throt-

tling. During throttling, the NPSH requirements are reduced due to the

lower pump speeds. For example, less than one-half of the nominal

NPSH is required at one-fourth the nominal thrust.

(c)

Table IV-15 presents the engine weight and mass properties for the pre-

liminary design. Total engine weights shown include all components

required for the flight weight configuration. The wet weight shown is a

summation of the dry weight plus all propellants contained in the engine

during steady state operation. Center of gravity data and mass moments

of inertia were based on the total wet weight. Burnout weight includes

dry weight and confined fluids at burnout; the weight is based on LOX
depletion cutoff.

4.3.2.3 Aerospike Engine Performance

Engine specific impulse at full thrust as a function of altitude for the

point design aerospike engine is presented in Figure 4-13. The effect

of throttling to 10 percent of rated thrust on vacuum specific impulse

for this engine is presented in Figure 4-14. The throttled performance

includes the effect of a reduction in theoretical specific impulse and com-

bustion efficiency which result from operating at significantly lower than

the design chamber pressures of the injector; and changes in nozzle drag,
reaction kinetics, and propellant base flow conditions (Ref. 34).

(c)

4.3.3 Solid Motor Strap-on Stage

Estimates of 260-inch, Z85-inch, and 37Z-inch diameter motor per-

formances were made in order to evaluate their effect when used as strap-

on stages to the AMLLV core. The 260-inch motor was selected as the

basic strap-on stage for the AMLLV configuration. However, 12-285

inch and 10-372 inch diameters were studied to provide additional data

on larger motors which can be strapped on the selected main stage. The

initial sea level thrust is based on estimated liftoff thrust-to-weight

ratios that would restrict the maximum dynamic pressure to approxi-

mately 1,000 psf. The nozzle exit angle for all of the nozzles was as-

sumed to be 17.5 degrees. The nozzle exit diameter was restricted to
the motor diameter. Nozzle losses were calculated based on a nozzle

/,,,,_/,,,,&kl,_-_,n,_,-A,.,-n A I
.... , i 1.oi...11 i a.._
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TABLE IV-14

DESIGN PARAMETERS FOR HIGH THRUST AEROSPIKE BOOSTER

ENGINE

SEA LEVEL THRUST (POUNDS)

PROPELLANTS

ENGINE (TANK) MIXTURE RATIO, O/F

POWER CYCLE

CHAMBER PRESSURE, PSIA

AREA RATIO

NUMBER OF MODULES (T/P SETS)

ENGINE DIAMETER, FEET (INCHES)

NOZZLE PERCENT LENGTH (PERCENT OF 15 °

CONICAL NOZZLE)

ENGINE LENGTH

FEET

INCHES

THRUST VECTOR CONTROL SYSTEM

HEAT E_CHANGER (PRESSURANT)

F LOWRAT_E-S, LB/SEC

FUEL TANK, PRESSURANT - GH2 (at .350 ° )

OXIDIZER TANK, PRESSURANT GH e

(at 500°R)

16,000,000

OXYGEN/HYDROGEN

6:1

TAPOFF TURBINE

DRIVE

2,000

111:1

8(8)

71 7 (860)

15

20.4

245

FLUID INJECTION

(LO2)

p_lllll _--''--" • •

----,.l II,/LIII I/]L
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TABLE IV-15

TOROIDAL ENGINE WEIGHTS AND MASS PROPERTIES

':'Engine Weight (pounds)

Dry

Wet

Burnout

Center of Gravity

x

Y

z

Mass Moment of Inertia

_X - X

Iy_y

_Z - Z

140,460

155, 58O

146, 520

0

Station 364

(41 inches below engine/

vehicle attach frame)
0

2,679,730 slug - ft2

6,008,430 slug - ft2

2, 679, 730 slug - ft2

]Engine weights include the weights for the nozzle support beam and

hoop ring which are designed to withstand lO0-percent of the

unbalanced hoop load within, the engine. The delivered engine is

designed structurally independent of the vehicle thrust structure.

._.,,Tan I IJl..l_i I I/_L
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4.3.3 (Continued)

angle correction factor of 0. 977 and frictional losses of 3 percent.

Table IV-16 contains performance and design parameters for the 260-

inch, Z85-inch and 37Z-inch motors. Performance was based upon a

standard specific impulse of 248 seconds. Inert weights of the basic

motors were based on a mass fraction of 0.92. The mass fraction value

for the complete stage was dropped to 0.90 to account for weights of

attachment structure, TVC systems, staging rockets, destruct, and

other auxiliary systems.

Estimated thrust, mass flow rate and pressure traces are shown in

Figures 4-15 through 4-Z0. The traces are linearized, and tailoff has

been neglected. The thrust traces are based on 50 percent regression.

The 260-inch motor data was reviewed by Aerojet. Although they did not

conduct a detailed design study of the motor, they did examine its major

elements and it is their opinion that the basic design is entirely feasible.

T/_e required propellant burning rate will be about 0.55 in/sec at 600

psia. This is within the range Aerojet has already demonstrated in their

260-inch program using composite propellant formulations with binder

based on a terpolymer of polybutadiene, acrylic acid, and acrylonitrile

(PBAN). Grain stresses also will be well within allowables for this basic

propellant formulation, and will be substantially lower than for many

other 260-inch diameter motor grain designs that have been previously
examined.

4.4 AERODY NAM/CS

Aerodynamic static stability data (Cz_ and CP/D), local aerodynamic ,

force distributions (@Cz_/O(X/D) and @CA/@(X/D)) at maximum qa

and drag data (CDo) have been generated for the main stage, main stage

plus strap-on solid rocket motors and the main stage plus strap-on

motors plus a three module injection stage configurations. These data

fulfill the aerodynamic requirements for structural, controls, and per-

formance analyses reported in Section 4.2, 4.5 and 4.9.

4.4. 1 Distribution of Normal Force Slope

The distributions of the normal force slope (_Cz_/_X/D) for the three

baseline vehicles, are presented in Figures 4-Z1 through 4-23. The dis-

tribution on the payload nose shape (25 ° cone/1Z. 5 ° frustum) and assoc-

iated carryover to the cylindrical section following the frustum were ob-

tained using a combination of experimental wind tunnel data on the Saturn

V-I vehicle (Reference 13) and experimental wind tunnel data on the cone

ZZ9



TABLE IV- 16

SOLID MOTOR PERFORMANCE DESIGN SUMMARY

MOTOR DIAMETER, INCHES 260 285 372

IxJ

%0
O

Standard Specific Impulse*, Ibf-sec/ibm 248 248

Propellant Weight, Ib 3,810,000 4,530,000

Initial Sea Level Thrust, Ibf 9,000,000 I0,200,000

Final/Initial Thrust (Sea Level) 0.5 0.5

Initial Sea Level Specific Impulse, Ibf-sec/Ibm 239 237

Initial Throat Area, sq. in. 8,800 II, 000

Initial Aft End Stagnation Pressure, psia 700 640

Initial Mass Flow Rate, Ib/sec 37,700 43,000

Final Mass Flow Rate, Ib/sec Z0, Z00 23,400

Burn Time, sec 131.61 136.45

Nozzle Throat Diameter, in 106 118

Nozzle Exit Diameter, in 260 Z85

Nozzle Area Ratio 6.0 5.8

Port to Throat Area Ratio, Initial I. 3 I. 3

Chamber Cylindrical Length, in I, 350 I, 338

Inert Weight without Strap-On Attachments, lb. 331,000 394,000

Inert Weight Including Strap-On Attachments, lb. 423,000 503,000

Z48

7,260,000

15,500,000

0.5

Z31

22,400

49O

67, I00

37, I00

139.35

169

372

4.85

1.3

I, 294

631,000

807,000

;:" 1,000 psia chamber pressure, optimum expansion at sea level, 15 ° nozzle half-angle
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4.4. 1 (Continued)

frustum nose (Reference 5).

The contribution of the boattail on the aft section of the core vehicle was

calculated using the method of Reference 14 and verified with the experi-
mental wind tunnel data of References 14 and 15. The contribution of the

24 engine nozzles was obtained by a combination of the method of Ref-

erence 14 and experimental data for the SAT V shrouds (Reference 16).

The data for the Saturn V engine shrouds was modified to account for the

different semi-vertex angle of the engine nozzles using data trends for

frustums obtained from References 5 and 15. An interference correction

was made to account for the plumbing and thrust structure associated

with each engine and the presence of a fully developed boundary layer.

The interference correction, KINT' Was assumed to be 0.75 (where

KINT = (_)Cz (_/_(X/D)) with interference/( _Cz(x/_(X/D)) without

interference) based on data trends obtained from Reference 17.

In order to calculate the contribution of the 12 strap-ons, the normal

force slope distribution (_Cz_/_(X/D) for a clean 20 degree cone/cylin-

der (no nozzle region) was first calculated via the method of Reference

14. The distribution was numerically integrated to obtain CZ(_ and CP/D

and the result compared with the experimental data for the cone contribu-

tion alone (Reference 18) and for the Saturn V RIFT (20 degree cone/

cylinder) vehicle (References 13 and 19).

The CZCX obtained, using the semiempirical method of Reference 14, for

the cone alone agreed almost exactly with Reference 18. However, the

CZa for the combined cone/cylinder was slightly higher than the data

from References 13 and 19. This suggested an error in the carryover

to the cylinder predicted by Reference 14. Comparison of the distribution

obtained by the method of Reference 14 for a 15 degree cone/cylinder and

the experimental distribution presented in Reference 5 for the same con-

figuration proved that Reference 14 does over predict the carryover on a

cylinder following a cone. Therefore, the distribution on the cylinder

following the Z0 degree cone was adjusted (following the data trends at

the desired maximum qa Mach numbers from Reference 5) to agree with

the resultant CZ_ and CP/D (corrected to the length of the solid) of

References 13 and 19).

With the correct distribution obtained for the clean 20 degree cone/cylin-

der, it remained necessary to determine the CZCX contribution of the

nozzle region of the solid. This region consists of a drop or rearward

facing step and the engine nozzle canted at 5.5 degree radially outward

(see Figure 4-22). The theoretical methods of References 14 and 17
combined with the experimental data trends obtained from References
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4.4. 1 (Continued)

14, 15 and Z0 were used to calculate the contributions of the rearward

facing step. The canted nozzle (which protrudes beyond the cylindrical

portion of the solid) was assumed to be analogous to both halfa frustum

(effective semi-vertex angle = nozzle semi-vertex angle plus 5.5 degree

cant angle) and to the shrouds on the S-IC vehicle. A Prandtl-Meyer

expansion around the cylinder base was used to calculate the point on the

nozzle at which the flow would impinge, and therefore define the effective

length of the nozzle. Using this effective nozzle length, the method of

Reference 14 was used to calculate the contribution of the analogous

frustum (Cz{_ Nozzle = (l/Z) CZ(_ frustum) and checked with experiment-

al frustum data (References 15 and 21). The results compared well with

the shroud data of Reference 15 as was initially assumed. The contri-

bution due to the nozzle region was then combined with the clean 20 degree

cone/cylinder distribution to obtain the complete distribution on a single

solid in an undisturbed free stream. It was then necessary to determine

the combined effects of 12 solids strapped on to the core vehicle.

The normal force contribution due to 12 clustered strap-on solids was

determined, based on experimental data trends, to be approximately six
times the normal force of one solid in an undisturbed free stream. The

combined effects of clustering and core vehicle interference reduce the

effectiveness of the individual solids as lifting surfaces. This 50 percent

effectiveness assumption for clustered solids was compared with wind

tunnel test data on the clustered cylinder portion of the S-IB vehicle (Ref-

erence 22) and found to be in good agreement.

The actual distribution in the solids region was considered to have the

same general shape as a single solid alone in an undisturbed free stream.

The magnitude of the local normal force slope, however, is six times

that of a single solid rocket motor adjusted to the core reference area.

4.4.2 Axial Force Distribution

The distribution of the axial force Coefficient (_CA/@(X/D) at et = 0 °)

for the three baseline vehicles is presented in Figures 4-24 through 4-26 for

the maximum qa flight regime. The distributions on the nose cone shape

were obtained using the experimental wind tunnel data on the cone frustum

nose shape (Reference 5).

For the core vehicle alone, the contribution of the core boattail was ob-

tained from experimental data trends of Reference 15. The contribution
of the 24 nozzles was obtained from a combination of modified S-IC

shroud data (Reference 19) and wind tunnel data for cones and frustums
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4.4.2 (Continued)

from References 5, 15j and 17.

In order to account for the effects of the plumbing and thrust structure

associated with each nozzle the following assumption was made. Each

nozzle was assumed to have an axial force contribution along its entire

150 inches of length while it was assumed that there would be no axial

force contribution in the region of the plumbing and thrust structure. A

comparison of the distribution on the nozzles in Figures 4-21 and 4-24

illustrates this approxixnation relative to the normal force approximation

discussed previously.

The axial force contribution due to skin friction was obtained from Ref-

erence Z3. For this calculation it was assumed that the entire vehicle

area was fiat plate area. No axial force component for the base region

is shown in Figure 4-24 since this contribution has been accounted for

in the propulsion and perforxnance analysis.

The contribution of the cone/cylinder portion of the 12-260 inch solids

was obtained from a combination of modified wind tunnel data presented

in Reference 5 for cone/cylinders with bah angles other than 20 degrees

and checked with data for a 20 degree cone from Reference 17 and with

data for the SAT V RIFT from Reference 19. The protruding portions

of the SaM nozzles were analyzed assun_ing a Prandtl-lVleyer expansion

at the cylinder base and solving fro the length of the nozzles on which the

flow would impinge. The axial force distribution on the nozzles was then

obtained using a combination of the experimental data in References 5,

15, and 19.

The contribution of the rearward facing step on the SRM's was obtained

using the experimental data trends of References 15, 20t and 24. The

skin friction component was obtained from Reference 23, again assuming
all of the vehicles' effective wetted area to be fiat plate area. For the

zero staging flight concept, utilized by both the core plus solids and core

plus solids plus injection stage baseline vehicles, the base region will

have an axial force component. The magnitude of this component,

(CABASE), shown in Figures 4-25 and 4-26_ was obtained from the base

drag analysis which will be discussed later.

4.4.3 Static Stability Characteristics

The static stability characteristics (Cza and CP/D) of the core

vehicle are presented in Figure 4-27 a_ a function of free stream Mach
number, In order to accurately determine the total CZ_ of the core

vehicle_ it was necessary to solve for the normal force distributions at

Z4Z



t,J

o
o
,-4

5_

O

a_

! !

Ak j/
I

CP/D

ARE F = 4034 FT 2

DRE F = 71.7 F'I a_

0
0 1 2 3 4

MACH NUMBER

5 6

FIGURE 4-27 AMLLV CORE STATI_ STABILITY CHARACTERISTICS (Cz_ AND

CP/D) VERSUS MACH NUMBER



4.4.3 (Continued)

several free stream Mach numbers as described previously under Dis-

tribution of the Normal Force Slope. This is due to the fact that the

carryover to the cylindrical portion of the core vehicle will be signifi-

cantly different (due to the low fineness ratio of cylindrical portion of

the core combined with the effects of the core boattail) from the total

normal force coefficient for the MLV nose shape followed by a cylinder

of fineness four ratio (i. e. the clean SAT V-I data of Reference 13).

These distributions were then numerically integrated to determine the

total CZ c, at the particular Mach number and the results checked with

force data of Reference 13. The total vehicle center of pressure was

obtained using the moment summation technique outlined in Reference 20,
spe cifically,

_i (Cza)i (CP/D) i
CP/D =

(Cza)i
1

where i = the number of segments used in the numerical integration.

For the core plus solids vehicles, the initial slope of the normal force

curve was obtained using the following formula:

CZaTOT = CZaCORE + CZaz0 ° CONE/ + CZUNOZZLES

CY LINDER REGION
PORTION

OF SOLID

The values of CZetCORE are not significantly different from the clean

SAT V-1 values {Reference 13). The major contributions to the total

normal force coefficient of a vehicle arise from sections that change

cross-sectional area with vehicle length {cone, frustum, etc.) and to

cylindrical portions immediately following these sections. This conclu-

sion is useful in analyzing the CZ_ of the clean 20 degree cone/cylinder
strap-ons.

Normal force data are presented in References 13, 19 and Z5 for a SAT

V RIFT vehicle with an afterbody fineness ratio of --8. The fineness

ratio of the strap-ons is _-7 {based on their own diameter). Therefore,

the normal force coefficient for the Z0 degree cone cylinder portion of
the solid was assumed to be equal to the values of Reference 13 after the

appropriate reference area correction was made. (The data of Reference

13 agreed well with References 19 and Z5 when the contribution of the

SAT V fins and shrouds was subtracted. However, since the SAT V RIFT
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4.4.3 (Continued)

data of Reference 13 was for a clean vehicle (20 degree cone cylinder

only), this data was the most convenient to use.

The CZ_ due to the nozzle region was also required as a function of

Mach number. In order to obtain these values, the distributions were

calculated as described in the local normal force discussion section and

numerically integrated to obtain CZ a (nozzle region) at desired Mach

numbers. The moment summation technique was employed to obtain the

corresponding CP/D (nozzle region).

CZ_ TOTAL was then calculated by this equation and the moment sum-

marion technique employed to obtain the total vehicle center of pressure.

A possible limitation to this data may arise due to the effects of the

exhaust plumes on the boundary layer. A detailed analysis of boundary

layer separation due to the solids exhaust plumes was not included in

this analysis. The following discussion will offer insight into the physical

situation which may occur.

At high altitudes, the exhaust plumes of the solids will be greatly ex-

panded. For example, at 50,000 feet, the expansion and interaction of

the 12 plumes will effectively form a frustum with a base diameter of

g00 feet a caliber and a half aft of the vehicle. This plume frustum will

deflect the free stream and may cause boundary layer separation apprec-

iably forward of the vehicle base. If this condition exists, only vehicle

sections forward of the boundary layer separation point would contribute

to CZ @ for the total vehicle. Therefore, the static stability data pre-

sented in Figures 4-28 and 4,29 would be in error by the amount of nor-

mal force (and the corresponding moment) contributed by vehicle sections

aft of the boundary layer separation point.

A thorough experimental analysis may be necessary in the future to
adequately define this phenomenon and its effects.

A computation was performed at Mach 3 (Alt = 70,000 feet for the core

plus solids baseline) assuming that boundary layer separation occurred

1.3 calibers forward of the base. The results showed that CZ_ and

CP/D from Figure 4-28 were accurate to 8 and 12 percent respectively.

4.4.4 Total Vehicle Drag Coefficient

The total vehicle drag coefficient at zero angle of attack, CDO, is pre-

sented in Figure 4-30 for the main stage alone. For the core alone,

CDO assumed to have the following form.

245



L_

_Z

0_

Z_
O_

I ._.

m_

_ N

+ _

0_
r..) _

246



=

<

t_
Z_

D<

Ns
rD

+ m

a_

0._
m_
Z_

t <

_r..)
r_

r_
+ .rJM _

m

<m

247



9I,Z

CDo - TOTAL VEHICLE DRAG COEFFICIENT

_j

!
&o
o

O
_n

O

>
t_

<

ffl

©

t_

<

o

;i

!

i •

:ol

L_4

i i

II
:1
I t

I
e :
|1
I ,
I !

_ I |

\
"1

b_

ffl

I

° I
I

/
I f

/ /
I

I

I
I
I
I
I

0

L','J

ii U

i-_



4.4.4 (Continued)

CDo = CDWAVE + CDBOATTAIL + CDFRICTION + CDNOZZLES

The four component drag contributions are also presented in Figure 4-

30. The forebody wave drag (CDWAVE) was obtained from Reference 13.

The friction drag component was obtained from Reference Z3. For this

computation, it was assumed that the entire vehicle area was flat plate

area.

The experimental data of Reference 15 was used to obtain CDBOATTAIL

as a function of Mach number. The effects of the thrust structure and

plumbing in the nozzle region were disregarded and the entire nozzle

length was assumed e_ective in producing drag. From liftoff to an alti-

tude of 47,000 feet the axes of the 17.5 half angle nozzles are parallel

to the axis of the vehicle. At 47,000 feet the nozzles are canted radially

inward at an angle of 13.6 degree and therefore approximate 12 degree

frustums or shrouds. As discussed in the section on local axial force

distributions, the experimental data trends for cones and frustums (Ref-

erences 5, 15, and 17) and for the S-IC shrouds (Reference 16) were

used to obtain the drag contribution due to the 24 nozzles in both the canted

and uncanted positions. The effects of base drag are included in the pro-

pulsion data for the multichamber-plug engine concept and therefore are

not included in the total vehicle drag values.

The total vehicle drag coefficient for the core vehicle plus 12-260 inch

strap-ons was calculated from the following formula.

CDO = (CDwAVE + CDFRICTION)CORE + (CDwAVE + CDFRICTION +

CDNOZZLES) SOLIDS + CDBASE

The total component contributions due to wave drag, base drag and fric-

tion are also presented in Figure 4-31. The forebody wave drag for the

core vehicle was obtained from Reference 13. Both the core and solids

friction components were obtained from Reference Z3 assuming that the

effective wetted area was all flat plate area.

The forebody wave drag on the solids (CD SOLIDS) was obtained using

wind tunnel data for a clean SAT V RIFT vehicle from Reference 19.

Evaluation of nozzles region was accomplished by computing the distri-

butions (as described in the section on axial force distributions) at various

Mach numbers. The resulting distributions were then numerically inte-

grated to obtain CD NOZZLES REGION" Plotting this data as a function

of Iviach number left only the base drag component to be evaluated.
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4.4.4 (Continued)

The problem of determining the base drag coefficient is essentially one

of determining the base pressure as a function of altitude. In order to

determine the most accurate analytical approach and ascertain what ex-

perimental data of this nature was available, two literature reviews

(References 24 and 26) were consulted. The base drag problem consists

of two distinct situations, the first is the case where the plumes of

opposing solids do not interact with each other and the other is the case

in which they do. In the traditional base flow nomenclature, these two

situations correspond to the aspiration and recirculation regimes,

re spe ctive ly.

From the review, the method of Reference 27 was chosen for the general

analytical approach to both cases. This method, based on a simple

momentum balance across the base region, should be a conservative

approximation to the AMLLV base drag problem because the equations

developed are for forced deflection type nozzles and therefore assume no

flow into the base region from upstream.

Another approach was available based on experimental wind tunnel base

pressure data from Reference 28. This data was considered to be more

applicable than the method of Reference 27 to the AMLLV problem since

this data accounts for flow into the base region (from upstream) between

the nozzles. It is only applicable to the case of no interaction between

opposing solids.

In order to define the region of applicability of the data of Reference 28,

a Method-of-Characteristics solution (Reference 29) was applied to the

260 inch solid exhaust plume at various free stream conditions obtained

from the baseline trajectories. The results of the plume analysis implied

that opposing plumes would not interact until approximately 50,000 feet.

Thus, the Pratt and Whitney experimental method was used to calculate

the base drag to this altitude. The resulting, CDBASE versus free

stream Mach number, was spot checked using the method of Reference

27 (using plume properties obtained from the Method-of-Characteristics
analysis) and the results found to be smaller relative to Reference 27

For interacting opposing plumes, the method and experimental data

trends of Reference 30 were used to obtain CDB as a function of Mach
number (the method is essentially the same as Reference 27 except that

it is not developed specifically for forced deflection nozzles). The re-

sults were again spot checked using the method of Reference 27 with the

results in agreement.
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4.4.4 (Continued}

Definition of the CDB vs. Mach number relationship for the core plus

12-260 inch solids completed the data required to evaluate total vehicle

drag coefficients as a function of free stream Mach number for the base-

line core plus solids vehicle.

The slight difference in vehicle length due to the addition of the injection

stage will cause negligible changes in the skin friction drag component

over the core plus solids vehicle. A comparison of the altitude versus

time relationships for the two baseline trajectories shows that the same

base drag curve is approximately applicable to both. Therefore, Figure

4-31 presents the total vehicle drag coefficient for both the core plus lZ-

Z60 inch solids configuration and the core plus solids plus injection stage
vehicle.

4.5 VEHICLE CONTROL

4.5.1 Main Stage Control

First stage flight regime studies were conducted to determine the thrust

vector control required to provide stability under the most adverse flight

conditions. The flight control system gains were calculated for a math-

ematical model of a rigid vehicle employing the attitude-attitude rate con-
tr ol mode :

tic = AoOe + A10

where _c = commanded thrust deflection

0e = attitude error

= attitude rate

A o = attitude gain

A1 = attitude rate gain

A five degree-of-freedom digital simulation was used to determine vehicle

responses. Simulated flights employing off nominal design and construc-

tion parameters {scatter terms given in the Appendix} were conducted

using a standard Apollo design wind and measured wind 1639 in Reference

The design wind profile was constructed by combining the 99 percen-

tile shear and embedded jet values, reduced by 15 percent (Saturn V

Criteria} with the 95 percentile wind velocity value for the strongest wind

months (References 36 and 37). Flight control analysis was conducted
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4.5.1 (Continued)

in the yaw plane where the most severe wind conditions are encountered.

Figure 4-3Z presents the flight control system gains as a function of

flight time for the main stage vehicle. The gains were calculated using

a control system frequency of 0.2 Hertz and a damping ratio of 0.75.

Figure 4-33 is the main stage thrust deflection duty cycles obtained in

response to the design and measured winds. A maximum thrust deflec-

tion requirement (3.4 degrees) occurred in response to the design wind.

The duty cycles were obtained by assuming the entire thrust vector could

be oriented as required.

A study was made to select a thrust vector control (TVC) system for each

of the two engine concepts studied as the core propulsion system. A

different analysis was made for each engine concept; therefore, the re-

sults of the study are given in two sections.

4.5. I. 1 Multichamber/Plug Engine System

Three methods of obtaining TVC were considered for the multichamber/

plug engine:

a. Side gas injection (includes both module secondary injection and plug

slot injection) ;

b. Module hinging;

c. Differential throttling.

Since the capability for differential throttling and module hinging were

already incorporated into the basic engine design, no weight increase
wou_d be required to use one of these methods for TVC. Thereforep

since a side gas injection TVC system would require both an engine

weight increase as well as large secondary flow ratesj it was dropped

from consideration after it was established that the required duty cycle

was within the capability of either a differential throttling or module

hinging_TVC system. "The axial performance (specific impulse) losses

incurred when using differential throttling or module hinging are approx-

imately equal" (Reference 38); but due to the large reduction in thrust

which would be detrimental to payload performance when differential

throttling is used, module hinging was selected as the best TVC system

for the AMLLV multichamber engine.
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4.5. 1.1 (Continued)

Figure 4-34 shows the effective lateral force as a function of hinge angle
when six modules are being hinged. The maximum thrust deflection

angle required is 3.4 degrees (FL/FA = 0.06) which can be obtained

by hinging the modules by 19 degrees. Since the maximum deflection
condition occurs at 37,000 foot altitude which is before the engine mod-

ules are tucked into the plug. Twelve modules could be used to effect

vehicle control. With twelve modules controlling only 9.5 degrees of

hinge motion would be required.

4.5. 1. Z Toroidal/Aerospike Engine System

Four methods of obtaining TVC for the toroidal/aerospike engine were

considered. They were differential throttling, liquid oxygen side injec-

tion, hot gas side injection, and turbine exhaust/LOt combination fluid

injection TVC system. The use of differential thro_ling to obtain TVC

was quickly eliminated from further consideration because of past
studies which show that a substantial loss in axial thrust will result dur-

ing the vectoring mode, if this TVC technique is utilized (Reference 3,

Page 149). The combination turbine exhaust with oxidizer technique was

also dropped from consideration due to its weight and complexity. This

system's weight was estimated by Rocketdyne (Reference 3, Page 178)

to be 4.5 times greater than the weight of an equivalent liquid oxygen

injection system and three times greater than an equivalent hot gas in-

jection system using a bipropellant gas generator.

A comparison of the liquid oxygen injection system and a hot gas bipro-

pellant gas generator injection system as applied to the AMLLV toroidal/

aerospike engine is given below.

Liquid In)ection - A liquid injection TVC system using liquid oxygen
would be relatively simple, lightweight (approximately 3,000 pounds,

Reference 3, Page 178) and is a proven concept. However, the perfor-

mance of this type system is less than that of a hot gas system as seen

from Figure 4-35.

Using Figure 4-3_ which is based on the duty cycle requirements, the

amount of TVC fluid required was found to be 76,000 pounds. This
number is based on a burn time of 260 seconds which corresponds closely

to the time that an unthrottled core vehicle would burn at full thrust. A

gimbal requirement of 0. _5 degrees was assumed necessary throughout

the flight from 140 to Z60 seconds. A maximum TVC flow rate of 3,0Z5

ib/sec would be required.

(c)

(C)

[ v_ _l..,. • .- .u
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4.5. I.Z (Continued)

Hot Gas In)ection from Bipropellant Gas Generator - This type of TVC

system is more complicated and its hardware is 1.5 times as heavy as

the liquid injection TVC system. However, the amount of TVC fluid re-

quired to meet the duty cycle is only 38,000 pounds which is half that

required for the liquid injection system. The maximum TVC flow rate

required (based on 3.4 degrees) is 1,300 ibm/sec.

(c)

Figure 4-37 shows the overall engine performance loss that can be ex-

pected from the two systems for the duty cycle.

(c)

It appears that the weight and performance advantages of the two fluid

injection systems will cancel each other so that payload would not be

significantly affected using either system.

(c)

4.5. 1.3 Uncontrolled Vehicle Divergence

Figure 4-38 depicts the time to double amplitude throughout the first 190

seconds of main stage flight. A minimum time to double amplitude of

Z. 5 seconds for an uncontrolled vehicle is a man-rating requirement to

assure crew abort. The control fixed undamped divergence times were

computed with the engines undeflected. At no time during the flight is

the time to double amplitude less than Z. 5 seconds. All other AMLLV

vehicle configurations have greater times to double amplitude. If the

time had been found less than Z. 5 seconds, fins would have been added to

the configuration to reduce the aerodynamic moment and increase the

divergence time.

4.5. ? Solid Motor Control

Figure 4-39 presents flight control system gains as function of flight time.

Figure 4-40 shows the thrust deflection duty cycles for a core plus 12

SaM's plus a three module injection configuration stage. A maximum

required thrust deflection of 4.45 degrees occurred in response to the

design wind. The solid motors control the vehicle during the atmospheric

phase of flight in the zero stage configurations. The scatter term param-

eters listed in:the Appendix were applied to the vehicles when the duty

cycles were generated.

When solid motor strap-ons are used in conjunction with the core vehicle,

a core control requirement occurs at solid motor separation arising from

thrust unbalance during solid motor tailoff. Because of this control re-

quirement, it may be necessary for the core engine to provide a thrust

deflection while the solid motors are stillattached.

pr_hll- i r_l-a,-F, a ,
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4.5. Z (Continued)

For the multichamber core, which uses hinged modules for thrust vector

control, the amount of core control is restricted by physical interference

of the modules with the solid rocket motor. Physically, the module can

be hinged 25 degrees from the design tilt angle. This would give a con-

trol angle of approximately 5 degrees; however with the solid rocket

motors attached, the maximum thrust vector deflection is reduced to

approximately 1.5 degrees. The amount of toroidal core control, which

uses a fluid injection TVC system, is also restricted when the solid

motors are attached. This is due to the interaction of the strap-on and
core plumes. No attempt was made to determine the value of control

authority for this propulsion system with solid motors attached.

A control study was conducted for the multichamber core plus twelve

strap-ons configuration. The purpose of this study was to determine
the allowable three sigma variation in solid motor burn time as a func-

tion of the tail-off time. The stability analysis assumed a maximum

allowable vehicle attitude error of 45 degrees (based on current Saturn

V error limit criteria). Core control of 1.5 degrees until SRM separa-

tion and 5 degrees after the motors were staged was used. Figure 4-41

shows the maximum three sigma variation as a function of tailoff time.

The Aerojet quoted three sigma of h. 7 seconds for the solid motor burn

time would require a tailoff time greater than 16 seconds.

4.5.3 Injection Stage Control

Figure 4-42 presents the results of an analysis of injection stage control

requirements. The stability limits at separation for an injection stage
capable of thrust deflection of 3 and 5 degrees are shown; as are the con-

ditions for the Saturn V at S-IC separation. Separation represents the

severest control regime for upper stages. Core/injection stage separation

conditions are less severe than Saturn V separation conditions, due to the

larger main stage inertias and the larger number of engines in the main

stage which reduce vehicle disturbance at burnout. The figure indicates

that a 3 degree thrust deflection capability will provide adequate control

authority for the injection stage at separation.

4.6 PRESSURIZATION

Pressurization is accomplished by the system shown schematically in

Figure 4-43. Gaseous hydrogen is generated by an engine furnished heat

source for pressurization of the LH z tank and hot helium is used for the

LOX tank. The helium is heated in a turbine exhaust heat exchanger.

Liquid hydrogen is circulated through the helium bottle internal heat ex-

changer prior to liftoff to reduce storage volume requirements. During
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4. b (Continued)

flight, a portion of the hot helium is bypassed through this heat exchanger

to reduce bottle residuals. Pressurization system data is listed in Table

IV-17 and estimated system weights are shown in Table IV-18. Pressur-

ant gas weights were based on applying a collapse factor of I.7 in the

LOX tank and I.5 in the hydrogen tank (derived from SAT V design).

Tank pressurization levels were determined to satisfy the pressure re-

quirements of all flight configurations of the AMLLV and are based on

the following:

a. Hydrogen tank pressure (Z4.5-26.0 psia) is based on pump NPSH,

LH Z vapor pressure, line losses, and acceleration head. Required

ullage pressure was calculated for four configurations:

1. Core only with 90 percent engine throttling;

Z. Core plus one injection stage with unthrottled engine;

3. Core plus IZ Z60-inch solid strap-ons with 90 percent engine

throttling;

4. Core plus 1Z-E60-inch strap-ons plus three injection stages with

unthrottled engines (Figure 4-44).

The highest pressure requirement comes from the unthrottled core

plus one injection stage configuration and establishes the bottom o£

the pressure band to be used on all configurations;

b. LOX tank pressure (17.5-19.0 psia) is based on the maximum vapor

pressure expected for the LOX. The large acceleration head on the

LOX pump is more than adequate to overcome system losses and

provide the required NPSH at all times except for a brief period be-

fore LOX depletion when the LOX level is well down into the stand-

pipes.

4.7 HE AT LNG
7

4.7.1 Aerodynamic Heating

An analysis of the resultant structural temperatures for the core plus 1Z

solid motor configuration (highest maximum dynamic pressure trajec-

tory) has been conducted. Two locations were studied, the thrust struc-
ture and the forward skirt.
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TABLE IV-17

FLUID SYSTEMS DATA SUMMARY

SYSTEM LH 2 LOX TANK

Pre s sur izat ion

1. Pre ssurant

Z.

3.

,

.

Pressurant Inlet Temp.

Pressurant Heating

Source

Pressurant Flow Rate

@ Full Thrust

Helium Bottle Heat

Required for
Isothermal Blowdown

6. Helium Volume Required

7. Pressurant Duct Size

Vent and Relief

1. Valve and Line Size

Fill and Drain

1. Valve and Line Size

Vaporized Hydrogen
350 ° R

Engine Heat Exchanger

30. Z lb/sec

He lium

500 ° R

Engine Heat Exchanger

17" (two valves)

17" (2 lines,

13.7 lb/sec

260 BTU/sec

412 ft 3 (minimum)

IZ"

17" (two valves)

Z valves) 17" (Z lines, Z valves)



TABLE IV-18
FLUID SYSTEMS WEIGHTS (POUNDS}

Po

SYSTEM

, ,

A. Fill & Drain

B. Vent & Relief

C. Propellant Utilization

D. Pneumatic Control

1. Hardware

2. Helium

E. Chilldown

F. Pressurization

1. Helium

Pressurization

Pre -pre s sur ization

2. Hydrogen

Pressurization

3. Helium Tanks

4. Helium Tank Insulation

5. Heat Exchangers

6. Ducting & Misc.

7. Total (Press. System}

G. Total Fluid Systems

LH 2 TANK

450

1490

3000

2830

7920

1000

4350

LOX TA NK

320

710

1800

4440

170

5320

800

500

2220

TOTAL

770

2200

1320

1000

225

4800

4440

3000

7920

5320

800

1500

6570

(2_,55o)

39,865
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4.7. 1 (Continued)

The aerodynamic heating film coefficients and the recovery temperature

were evaluated for these locations in conjunction with the skin surface

temperature. One-dimensional conduction heat transfer analyses were

used to evaluate the structural temperature histories. Based on the

results of the vehicle trade studies, the forward skirt was assumed to

be 0.15 inch thick and the thrust structure was 0. Z8 inch thick. Reradi-

ation was considered. The resultant temperatures are shown in Figure

4-45.

Since the temperatures of the forward skirt exceeded material design

limitations, an analysis was made considering an insulation on the skirt.

The insulation considered is Avcoat II, a spray-on type with a density of
63 lbs/ft 3. As shown in Figure 4-45, a 0.1 inch thick layer of this insu-

lation limits the forward skirt to a maximum temperature of ZZ0°F.

4.7. Z LHz Tank Insulation

The performance of internal insulation for the AMLLV LHz tank during

ground hold conditions was determined. Insulation is required to main-

tain a tank wall temperature higher than -50OF to preclude the formation

of liquid air on the outer surface and satisfy structural requirements of

minimizing flaw sensitivity.

The type of insulation considered is 1/4 rail aluminized mylar separated

by 0. 1 inch layers of 3/8 inch cell mylar honeycomb. From Figure 4-

46, it is seen that one layer of insulation will maintain a wall tempera-

ture above -50OF for all ambient temperatures above Z0OF. Two layers

of insulation will satisfy this requirement for ambient temperatures down

to approximately -10°F. Two layers were selected to permit exposure

to colder ambient conditions. On an 90°F day, the LH_ boiloff is esti-

mated to be approximately 18,000 lb/hr.

The main stage design has LOX feed lines going through the LH z tank.

Unless insulation is provided, the LOX in these lines will freeze. Cand-

idate insulations are vacuum jacketing or cryopumped mylar honeycomb

insulation. If the vacuum jacket system is used, the spacing between the

jackets must be sufficient to assure no contact when the lines and tanks

are loaded. For the cryopumped mylar honeycomb substrates, a two

layer thickness will be sufficient from a thermal consideration.

4.7.3 Base Heating - Zero Stage Strap-on Configuration

The convective base heating environment problem for the core plus 12

solid motor vehicle during the solid motor burn was determined. The
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4.7.3 (Continued)

convective heating environment which will be experienced by the plug is

shown in Figure 4-47. An aspirated flow regime exists for the first 40

seconds, providing a cooling effect for those components heated by plume

radiation. Recirculation of the exhaust gasses occurs at about 40 seconds
and the recirculated flow becomes choked at about 58 seconds° The

heating is assumed constant after choking occurs. The plume emittance

for two altitudes is presented in Figure 4-48.

These environments were used to determine the protective requirements

for the plug during the solid motor burn. Three protection schemes have

been considered. They are an ablator, a LHz circulation system, and a

bag. The bag concept was eliminated as impractical because the mater-

ial would have to withstand temperatures in excess of 4000°F for extend-

ed periods of time in a buffeting environment. The ablator considered

in the analysis was cork (density of 30 lb/ft3). In a base region environ-

ment, the heat of ablation is ZZ00 BTU/lb at 1000°F ablation temperature.

A thickness of 1. Z5 inches would be required to protect the plug during

the zero stage portion of the flight. If LH 2 is circulated through the base

region to utilize its latent heat of vaporization for base protection, 38.4

pounds of LH2 would be required per square foot of surface area. The

flow rate would be reasonably constant throughout the .flight.
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4.8 LOA DS

4.8.1 Main Stage

Results from the design loads analyses of the AMLLV family of vehicles

are shown in Figures 4-49 through 4-51. These results represent the

envelope of design loads determined through analysis of the following

flight configurations:

a. Core alone,

b. Core plus twelve solid motors,

c. Core plus twelve solid motors plus injection stage.

The envelope of ultimate compressive load per inch of perimenter

(N c ultimate) is shown in Figure 4-49. Flight conditions for the

baseline multichamber core design the LH z tank shell and aft skirt.

The LOX tank is designed by the baseline core plus 12-260-inch solid

rocket motors plus a three-module injection stage. Compressive loadings

on the forward skirt are presented for the core, core plus 12 strap-ons,

and core plus iZ strap-onsplus a three module injection stage vehicles.

Figure 4-50 shows the envelope of ultimate tensile load per inch of

perimeter. The maximum tensile loads for the LOX tank, LH 2 tank,

and aft skirt occur at the max (q a ) flight condition for the core plus

12 strap-ons plus a three-module injection stage vehicle.

Tank design pressures for LOX and LH^ tanks are shown in Figure 4-51
The results are based upon data from t_e solid rocket motor cutoff

flight condition of the core plus 12 strap-ons vehicles.

An LH 2 tank pressurization level of 29 psig is recommended at launch to

provide the ca_-ability for reacting dynamic liftoff and emergency shutdown

loads. This gage pressure can be allowed to diminish during flight to

that of the constant pressurization control band of 24.5 psia. The dynamic

loads on the thrust structure at liftoff and emergency shutdown would then

be much less than the design loads resulting from the vacuum thrust

condition, as shown in Figure 4-52.

Capability of the LH 2 tank shell for the emergency shutdown of the core

alone is sufficient to cover dynamic magnifications of approximately 3.0

in the prepressurized condition. The prepressurization can be accomplished

within the pressure vessel capability of the LH 2 tank which is set by

the solid rocket motor cutoff condition of the core plus 12 solid motors

v ehicle configuration.
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4. 8. I (Continued)

Launch of the baseline core plus strap-ons does not contribute any

compressive loads in the LHz tank, since these vehicle configurations

are zero staged, putting the LH Z tank in tension.

4.8.1.1 Structural Dynamic Characteristics

For in-flight vehicle bending moment determination, which takes into

account vehicle flexibility, it is necessary to compute those normal free-

free mode shapes and associated natural frequencies which are likely to be

excited by the force systems used in the analyses.

Since closed-form solutions for mode shapes and frequencies cannot be

obtained for beams with such non-uniform stiffness and inertia dis-

tributions as the AMLLV vehicles exhibit, an iterative numerical technique

must be employed. The method of solution used is similar tothe Holzer-

Myklested method, and has been programmed for the 7094 digital computer.

In setting up the analysis, certain simplifying assumptions are made:

a, The material of the beam is homogeneous and obeys Hooke's Law;

b. The moduli of elasticity in tension and compression c_ the beam

material are equal;

C, Each transverse section of the beam, originally planar, remains

planar and normal to the longitudinal fibers after deflection due

to bending;

d. Each longitudinal fiber of the beam acts as if separate from every

other fiber, i.e., there are no lateral pressures or shearing

stresses between fibers.

These assumptions, (normal in beam analysis), allow the so-called

Myklested' representation of the beam, i.e., it is assumed that the

beam may be represented as a collection of discrete masses connected

by massless stiffness elements concentrated on an elastic axis (the

axls of symmetry of the vehicle). This model is convenient for use

in the numerical integration soheme.

In addition, it was assumed that:
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4.8. i.I (Continued)

a. The beam is initially straight;

b. Vibration deflections are small, k_e., deflection slopes are

much less than one; (this is not a restriction in the analysis, since

infinitesimal deflections are sufficient for modal calculations)

C, Propellants are considered fixed, i.e., no sloshing is allowed.

(Coupling effects due to fluid motion relative to the elastic axis

of the vehicle are assumed to be accounted far in the equations

of motion in which the mode shapes are used. )

The following standard beam equations were used:

Let: M = local value of lateral bending moment

V = local value of lateral shear force

@ = local value of the angle of rotation of a cross-section

due to bending

Then:

W = local value of lateral deflection of a cross-section

]El = bending stiffness

KGA= shear stiffness

m = local mass per unit length of beam

= local rotary moment of inertia per unit length of beam

(4) = frequency of Oscillation

2
dm =V-w # /*
dx

dV Z
= _) Wm

dx

d.._ = M/EI
dx

dW = 0- V/KGA

dx

Mode shapes and frequencies were determined for the following vehicles at

Max (q a ):

a. Multichamber Core,

b. Core plus 12-Z60-inch solid motor strap-on.

c. Core plus 12 strap-ons plus a three-module injection stage.
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4.8. I. i (Continued)

Bending deflection, slopes, and frequencies are presented in Figures
4-53 and 4-54 for main stage vehicle, Figure 4-55 and 4-56 for main
stage plus 12 solid strap-ons vehicles, and Figures 4-57 and 4-58
for main stage plus IZ solid motors plus injection stage vehicle.

Bending frequencies for the multichamber core vehicle are relatively
high since stiffness properties are defined by the core plus 12 strap-on
configuration. As a consequence, all other AMLLV configurations have
stiffness properties larger than required.

4. 8. i. 2 Bending Moment Determination

The maximum inflight bending moment distributions for core, core
plus 12 solids, and the core plus solids plus injection stage vehicles
were determined from a flight simulation of these vehicles during
flight through the high dynamic pressure region. NASA design wind
criteria (reference 37) was used with a yaw plane analysis. The wind
profile used in this analysis was obtained from a 99 percent shear
btiildup to a peak wind speed at i0,000 meters altitude. An embedded jet
gust was superimposed upon the peak of the wind profile (reference 37).
Included in the flight simulation were the four degrees of freedom: rigid
body translation, yaw, one free-free bending mode, and one control
system degree of freedom. The control system consisted of attitude
and attitude feedback with control gains adjusted for a pitch frequency
of 0.2 Hertz and a damping factor of 0. 75 critical.

The inflight bending moment distribution was computed using a
digital computer program. This analysis integrates a system of
simultaneous second-order linear differential equations with time
varying coefficients. The simulation includes the several degrees of
freedom in the pitch or yaw planes. The effects of external aerodynamic
force variation due to local angle of attack are included on a quasi-
static basts in the equations of motion and in the loads equations. Local
angle of attack is compute_ including the effects of drift, angular
rotation, and modal displacement.

4.8.2 Attachment Structure Loads

Lateral and longitudinal attachment loads and forward holddown loads

for the core plus 12-260 inch solid motor strap-ons and the core with

three injection stages plus 12-260 inch solid motor strap-ons are presented

in the following sections.
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4.8.2 (Continued)

Lateral attachment loads due to the strap-ons were determined by

a summation of loads at liftoff, max (q (_ ), and solid motor cutoff,

including aerodynamics, thrust and inertia. Longitudinal loads were

determined for flight conditions at liftoff, max (qcx), and solid motor

cutoff. Holddown loads were determined for on-pad fueled and thrust

buildup conditions. Motor nozzles for both configurations were canted

outward 5.5 degrees to align the thrust vector through the upper

attachment location. A maximum control deflection angle of five

degrees was assumed at max (qet).

Figure 4-59 shows the longitudinal loads on the forward skirt.

Lateral attachment load calculation points are shown in Figure 4-60.

This figure also contains a summary of lateral attachment loads at

liftoff, max (qa), and SRM cutoff. Figure 4-61 shows longitudinal

loading on the holddown structure for on-pad fueled and thrust buildup

conditions. This figure also summarizes on-pad loading.

4. 8. 3 Acoustics and Vibration

The predicted far field and near field acoustic environments for the

AMLLV with 12-Z60-inch SRM strap-ons are presented. The vibration

response of a representative panel of the thrust structure to acoustic

excitation was investigated, and all equivalent static load was estimated.

The effect of the acoustic environment on the design of this representative

panel showed that the ultimate bending stress due to acoustic loading is

less than the static load due to engine thrust.

4.8.3.1 Near Field Acoustic Environment

The acoustic environment on the AMLLV core with i2-260-inch solid

rocket motors resulting from zero staging on the pad is shown in

Figure 4-62. The environment along the length of the vehicle is given

in terms of overall sound pressure level versus vehicle station. A

spectrum at the base of the vehicle is shown in Figure 4-63.

The acoustic predictions are based on near field analysis presented in

Reference 39 and include the following conditions:

a. The vehicle is stationary on the pad;

b, A single deflection flame bucket and a lumped exhaust stream are

assumed;
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a, CORE + 12 - 260" SOLID MOTOR STRAP-ONS

ACCELERATION= 3. i0 g's

STRAP-ON

ATTACHMENT

i0.85.106 LBS

IXXX X XXXX !

3.94.106 LBS

PER SRM

36.47.106 LBS

STA 1955

b, CORE WITH THREE INJECTION STAGES + 12 - 260" SOLID MOTOR STRAP-ONS

ACCELERATION = 2.85 g's

STRAP-ON

ATTACHMENT

-- 4.06.106 LBS

L_S PER SRM

15.14.106 LBS

V///:
33.53.106 LBS

FIGURE 4-59 AMLLV LONGITUDINAL LOADS ON FORWARD SKIRT

AT SOLID MOTOR CUTOFF
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G @ o

WIND

DIRE C TION

LATERAL ATTACHMENT LOADS

LOAD TIME POINT

(LBS) LIFT-OFF MAX (qet) SRM CUT-OFF

RIA 224,000 48,000 391,000

RIB 0 229,000 0

RIC 224,000 650,000 391, 000

R2A 668,000 821,000 126,000

R2B 0 987,500 0

R2C 668,000 105,000 126,000

FIGURE 4-60 LATERAL ATTACHMENT STRUCTURAL LOADS FOR BOTH AMLLV

CORE + SRM AND AMLLV CORE + SRM + INJECTION STAGES
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a. ON-PAD FUELED

t
HOLD-DOWN

SUPPORT

SRM WT
=4.2106 LBS

WCORE

1955

STATION

ON-PAD LONGITUDINAL LOADS

LOADING CONDITION

ON

PAD

FUELED

CORE WEIGHT (LBS)

CORE + 12-260"

SRM

CORE WITH 3 I/S

+ 12-260" SRM

15,340,000

17,400,000

HOLD-DOWN

SUPPORT (LBS)

5,523,000

5,695,000

b. THRUST BUILD-UP (NO HOLD-DOWN)

SRM WT
=4.2106 LBS

J
--5.5 °

WCORE

THRUST = 9.0"106 LB/SRM

FIGURE 4-61 AMLLV CORE WITH/WITHOUT THREE INJECTION STAGES

+ 12 - 260" SRM LONGITUDINAL LOADS ON HOLD-DOWN STRUCTURE
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4.8.3.1 {Continued)

C. The sound pressure levels from multi-engine sources are corrected

by the square root of the number of engines (reference 39).

The power of a rocket noise source is determined from engine

parameters such as thrust, exhaust gas exit velocity, nozzle exit

diameter, flow rate, and number of engines. The acoustic environment

is predicted by applying these power values to an empirical normalized

spectrum function developed from rocket engine static test firings. The

acoustic power spectrum function is proportional to the power per unit

band width radiated by the source. Emperical corrections are made

for near field effects and directional properties of the acoustic source

when the exhaust stream is deflected.

The predictions at the base of the vehicle are considered conservative

because corrections for finite amplitude were not made. Finite amplitude

corrections would account for thermal losses in wave propagation of

high intensity noise and would reduce the predicted acoustic environment.

4.8.3. Z Far Field

Far field acoustic environment resulting from zero staging the AMLLV

core with lZ-Z60-inch solid rocket motors on the pad is shown as

topography plots in Figures 4-64 through 4-67. Overall sound pressure

levels at 120 dB, 130 dB, and 140 dB are shown in Figure 4-64.

Figures 4-65 through 4-6 7 show octave band sound pressure levels of

120 dB at standard octave band center frequencies.

The above computed results are based on the developments of Reference

40 and the following assumptions:

a. The vehicle is stationary on the pad;

b. A single flame bucket is assumed;

C. Acoustic environment in the horizontal is symmetrical about the

centerline of the exhaust from the flame bucket;

d. Atmospheric conditions are standard with no adverse temperature

or wind gradients.

An acoustic power source is determined from rocket engine parameters

by means of the normalized empirical spectrum function similar to

that described above. A directivity index and an excess attenuation
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4.8.3. Z (Continued)

factor are applied to correct for directionality of the sound source and

molecular absorption of the acoustic energy by the atx_osphere

respectively. Both directivity index and attenuation factors were

evaluated from Saturn static tests.

These results are considered initial estimates and are not reliable

for distances less than one thousand feet from the noise source

because directivity indices cannot be determined accurately. For

distances from the sound source greater than twenty-eight miles,

the results are limited because of unknown characteristics of the attenuation

factor.

Attempts to compare these predictions with acoustic data from large solid

rocket motor tests were not fruitful because of differing test conditions

and insufficient data.

The estimated far field acoustic environment on the ground when the

vehicle altitude is approximately 500 to I000 feet above the launch pad is

shown in Figure 4-68.

The following is the damage personnel may experience when exposed to

high intensity noise:

An overall sound pressure level of 120 dB produces temporary hearing

impairment after prolonged exposure. The threshold of discomfort

is approximately 130 dB which can cause permanent hearing da.mage

after prolonged exposure. The threshold of pain is about 140 dB where

permanent damage to hearing will occur. Higher noise levels can damage

internal organs.

4.8. 3. 3 Vibration Response

The vibration response of a typical panel of the main stage thrust structure

was predicted by extrapolating acoustic and vibration data from S-IC

static test firings by the following equation (Reference 41):

2 2

GA PA AA PS t S

p2
A S PAGS S 'A

where

t = panel thickness, inches
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4.8. 3. 3 (Continued.)

G 2 = response pove r spectral density g2/cps

p2 = acoustic pressure power spectral density (psi)2/tps

A = panel area inch squared

P = panel material density Ib/in 3

Subscript A = AMLLV (predicted data)

Subscript S = SATURN S-IC (test data)

The equivalent static pressure (Pe) acting on the panel is estimated by:

P e = G A x t A x PA

The equivalent static pressure was found to be 1.17 psi rrns. The

three sigma peak equivalent static pressure was estimated as 3.5

psi.

Extrapolation for the response of the panel was limited to the first

mode vibration response assuming no coupling between panels and no

fatigue considerations. The acoustic and vibration test data were

taken from the exterior skin of the S-IC thrust structure during

stage static test firings.

4. 8. 3.4 Structural Response

A study was performed to evaluate acoustic environmental effects

upon the thrust structure. The study considered the most severe

acoustic enviror_ment, namely, the environment predicted for thrust

build-up of the 12-260-inch diameter solid motor strap-ons. It was

assumed in the analysis that heating of the thrust structure during this

time wouldnot be a problem. Therefore, room termperature material

mechanical properties were also assumed. A skin panel between

stiffeners and ring frames was analyzed to determine the stresses and

deflections induced by a static uniform pressure loading equivalent to

the peak (3 Q ) acoustic loading. The size of the skin panel was

established by the maximum static thrust loading condition. Small

deflection theory was applicable, therefore the maximu_rn computed

stress was due to bending in the skirt circumferential direction.

The analysis neglected secondary effects due to stress concentrations.

Results showed no structural redesign of the aft skirt is required by
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4.8.3.4 (Continued)

the predicted acoustic loading. The design ultimate bending stress is

negligible as far as static strength is concerned, and is also less

than the endurance limit obtained from rotating beam fatigue data of

7075-T6 aluminum alloy, Figure 4-69.

4.9 STRESS AND WEIGHTS

Primary structure requirements were determined based upon the design

load envelope from engine ignition to cut-off.

The forward and aft skirts were tailored to meet specific mission require-

ments. This approach results in one set of tanks capable of all modes

of operation and two sets of skirts. The propellant tanks were sized

using room temperature properties of 2219-T87 aluminum alloy, and the

thrust structure and forward skirts were sized for room temperature

properties of 7075-T6 alurninurn alloy.

The AMLLV is designed similar to the Saturn V/S-IC in that the

tankage is a welded integrally stiffened structure and the skirts are

mechanically fastened hat-stiffened structures. Several materials

were considered for application onAMLLV as shown in Figure 4-70

(Reference 42). Baseline materials selection was narrowed to aluminun_

alloys for the following reasons:

a, The 8-1-1 and 6-4 titanium alloys are relatively expensive,

require elevated temperature forming operations, are not

compatible with liquid oxygen, and are marginal for application

at liquid hydrogen temperature;

b. AM-350 and 17-7 steels are not to be used below 0 degrees F, and

A-286 had an extremely low strength-to-weight ratio;

C. Magnesium alloys were excluded because of low strength-to-weight

ratios, lack of experience and potential corrosion problems.

Figure 4-71 (Reference 42) indicates the relative critical flaw size

sensitivity of 2219-T87 is better than the titanium alloy 5AL-2.5 SN and

301 SS cryoformed, which are conaidered to be the best titanium and

steel alloys for cryogenic application. Aluminum alloy 2219-T87 was

chosen for the tankage material over 2014 and 2024 alloys for the following

reasons:
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4.9 (Continued)

a. Good mechanical properties including notch toughness to -423 degrees F.

b. Excellent fusion weldability;

c. Good weld repairability;

d. Considerable manufacturing experience {S-IC);

e. Corrosion and stress corrosion resistance;

f. Possesses fracture toughness properties which result in

discontinuities propagating through the thickness causing loss

of pressure instead of propagating to catastrophic failure as does

Z014;

g_ Both fracture toughness and mechanical properties increase with

decreasing temperature.

Alloy 7075-T6 was chosen over 7178-T6 for the skirts primarily because of

corrosion resistance even though the 7178 has a slightly higher strength-

to-weight ratio. The 7075-T6 alloy is also supported by previous

successful applications onthe S-IC and numerous aircraft structures.

Since th_ magnitudes of applied loading were essentially the same for

the multichamber engine and the toroidal engine baseline core concepts,

these two vehicles were identical in all areas except the thrust skirts.

The difference arises fron_ the fact that toroidal engine thrust was

a distributed force at the engine-skirt interface, and the multichamber

engine thrust consisted of concentrated forces applied at 24 equally spaced

points around the thrust structure periphery.

Prelinlina:"> de_{ign sizinK of the multichamber thrust skirt structural

elen_en:s required ,__aiuation of the nonuniform axial load distribution

in the si_eli {shear lag effect, Reference 6) caused by the concentrated

thrust loads. This approach was used to size the thrust posts and

stiffened shell to obtain a uniform axial load distribution at the

juncture of ti_e LH, tank and the thrust structure. General artJ local

instability failure modes of the stiffened shell were evaluated in the

upper region of the thrust structure where the axial con_pressive load

distribution was assm_ed to be uniform. General instability as applied

to axially con_.pr-:._{sed cvlind?rs in this repo:' is defined as the

failure mode in _{hicll th_ buckled shape assur_:es the characteristic

diamond pattern in the collapse of the shell. Eocal instability considers

the buckling of individual panels between stiffeners, buckling of
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4.9 (Continued)

cylindrical sections between rings, crippling of stiffener elements,

and local yielding of individual elements at end attachments and rings

where secondary stresses may represent a sizable portion of the total

stress (Reference 7). Shanley's ring frame criterion (Reference 8)

was used to size the intermediate rings for local instability requirements.

The lower thrust ring was sized for strength requirements dictated

by the calculated internal load distribution (Reference 9) induced

in the ring by the radial thrust load component at the engine-skirt

interface. The upper thrust ring is combined with the LH 2 tank Y-ring.

Thus, the Y-ring was sized for the distributed radial load at the

forward end of the thrust skirt and fpr discontinuity effects caused by

the maximum internal tank pressure in the vicinity of the LH 2 cylinder-

bulkhead juncture. The Y-ring also serves as a stabilizing ring for the

LH 2 tank and thrust structure.

The toroidal engine thrust structure was analyzed as a stiffened cylinder

subjected to a distributed loading at the engine-skirt interface. The

method of stability analysis (Reference 7) was the same as used for

the multichamber thrust structure. The interface between the engine

and thrust structure is a pinned connection so that no bending moment

was applied to the skirt at the engine attachments. Sizes of the major

structural elements are given in Figure 4-72.

The forward skirts were sized using the same approach as for the

multichamber engine thrust structure. This was necessary because

the forward skirt is subjected to concentrated axial and radial loads

as well as uniformly distributed loading. A combination of the two loading

conditions occurs during holddown, single-stage rebound, and solid

motor strap-on firing. The shear lag analysis was used to size the

posts and adjacent skin for concentrated axial loads on the posts in order

to assure a uniform axial load distribution at the LOX tank upper Y-ring.

Shell stabilit-y- requirements were satisfied by sizing the longitudinal

skin stiffeners and intermediate rings for uniform axial compressive

loading. Strength requirements dictated the size of the thrust rings

located to react radial concentrated loading (see Figure 4-73).

The procedure used in determining the sidewall configuration of the

propellant tank was to size these components for the maximum loading

conditions for all modes of operation. The tank skin thickness was

determined by the circumferential membrane stresses induced by

internal pressure. The pressures in the LOX tank were high enough to

require a skin thickness capable of carrying the design axial compressive

loading in that region. .An elastic stability analysis was performed
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4.9 (Continued)

to size integral tee stiffeners for compressive loading in the LH 2 tank.
The design analysis evaluated general and local instability failure

modes in accordance with Reference 7. The longitudinal stiffeners

were sized and spaced so that the entire skin was effective in carrying

the axial compressive load. Stiffener spacing was determined by the
Von Karman Effective Width Formula.

The tank bulkheads are all 0. 707 semi-elliosoidal shells. The forward

LOX and aft LH2 bulkheads are monocoque shells which were designed

for the non-uniforminternal pressure applied to the bulkhead for the

strap-on configuration. The analysis considered the meridional

membrane stresses for determining required skin thicknesses at

various points on the shell. The common bulkhead is a honeycomb sandwich
sized for non-uniform internal pressures for the strap-on vehicle

configuration, and for a uniform external pressure applied near LOX depletion

in the core vehicle. The internal pressures designed the face sheet

thicknesses required for bulkhead strength, and the external pressure

loading due to differences in ullage pressures in the two tanks dictated

honeycomb core requirements for bulkhead stability (see Figure 4-74).

The LOX delivery lines inside the LH Z tank were sized for internal

pressure requirements only. It is anticipated that the major consideration

in this area will be to design the supports to prevent dynamic coupling

between the lines. This approach will result in the most efficient

design but is beyond the scope of a preliminary design effort.

The calculated weights for the LH Z tank include insulation requirements.

The insulation used is mylar honeycomb with aluminized mylar shields.

Thermal protection was also provided on the forward skirts since the

predicted aerodynamic heating of these components resulted in

unacceptable reductions in material mechanical properties. Aerodynamic
heating was not a_ problem on the aft skirt.

An equipment and instrumentation weight of 3,000 pounds was used and

is based on using microelectronic and state-of-the-art improvements

in power systems. The residual propellant weight was assumed a

maximum for a propellant utilization system designed to allow LOX

depletion (0 percent LOX minimum to 0.1 percent LOX maximum), while

allowing a maximum of one percent (1 percent) of LH 2 left on board.

Top level mainstage weight summaries are listed in Tables IV-19 through

IV-Z1 for three flight configurations: core alone, core plus injection

stage and core plus 12 solids plus injection stage. The latter two
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TABLE IV- 19

MAIN STAGE WEIGHT - CORE ALONE FLIGHT

STAGE STRUCTURE

Forward Skirt

Holddown Posts

Cylindrical Skirt

Propellant Containers

Upper Bulkhead

Common Bulkhead

Lower Bulkhead

Oxidizer Cylinder

Fuel Cylinder

Propellant Delivery System

Thrust Structure

Cylinder Skirt

Thrust Posts

Lower Thrust Ring

PROPULSION SYSTEM

PRESSURIZA TION SYSTEM

EQUIPMENT & INSTRUMENTATION

SEPARATION SYSTEM

CONTINGENCY I5% STRUCTURE)

Total Dry Weight

Residual Propellants

Pressurization Gases

STAGE WEIGHT AT SEPARATION

MAINSTAGE PROPELLANT

STAGE AT LIFTOFF

STAGE MASS FRACTION (_)

Note: All Weight in Pounds

* SUPPLIED BY PRATT & WHITNEY
.t.o.

...... SUPPLIED BY ROCKETDYNE

MULTICHAMBER T OROIDAL

Maj o r De tail Maj o I" De tail

Components Breakdown Components Breakdown

402,860

205,400*

19,480

3,000

9, 1 80

20,140

660,060

25,245

20,385

705, 690

11, 100, 1 60

(38,730)

6, 33O

32, 400

(332,100)

37,800

73,345

44,025

14, 280

147,050

15,600

(32,030)

18,760

4, 680

8,590

11, 805,850

0. 940

396,810

140,460**

19,480

3,000

9, 180

19,840

588,770

25,245

20, 385

634, 400

11, 1 45,645

ll, 780,045

0. 946

(38,730)

6,330

32,400

(332, 1 00)

37, 800

73, 345

44, 025

14, 2.80

147,050

15,600

(25,980)

19,650

6, 330



TABLE IV-Z0
MAIN STAGE WEIGHTS - CORE PLUS INJECTION STAGE FLIGHT

-.l

STAGE STRUCT UI_E

Forward Skirt

Holddown Posts

Cylindrical Skirt

Propellant Containers

Upper Bulkhead

Common Bulkhead

Lower Bulkhead

Oxidizer Cylinder

Fuel Cylinder

Propellant Delivery System

Thrust Structure

Cylindrical Skirt

Thrust Posts

Lower Thrust Ring

PROPULSION SY STEM

PRESSURIZATION SYSTEM

EQUIPMENT & INSTRUMENTATION

SEPARATION SYSTEM

CONTINGENCY (5% STRUCTURE )

Total Dry Weight

Residual Propellants

Pressurization Gasses

STAGE WEIGHT AT SEPARATION

MAINSTAGE PROPELLANT

STAGE AT LIFTOFF

STAGE MASS FRACTION (_')

Note: All Weight in Pounds

::_ SUPPLIED BY PRATT & WttlTNEY

...... SUPPLIED BY ROCKETDYNE

MULTICHAMBER

Major

Components

413,800

205,400;_

19,480

3,000

9,180

20, 69O

671,550

25,245

20, 385

7 17, 1 80

II, I0 O, 160

11,817, 340

O. 939

Detail

Breakdown

(49,670)

6, 33O

43,340

(332,100)

37,800

73,345

44, OZ5

14, Z80

147,050

15,600

(32,030)

18, 76O

4, 680

8,590

TOROIDAL

Major

Components

407,750

140,460 ''.";:_

19,480

3,000

9, 180

20, 390

600,260.

25,245

20,385

645,890

11, 145,645

11,791,535

0.945

Detail

Breakdown

(49,670)

6 330

43 340

(332 1 oo)
37 800

73 345

44 025

14 280

147 050

15 600

(25,98o)

19,650

6,330



' TAI:LE IV-El
MA__. S'IAGE WEIGHTS - CORE PLUS SIRAP-ONS t

INJECTION STAGE FLIGHT

JS

GO

STAGE STRUCTURE

Forward Skirt

Thrust Posts

Cylindrical Skirt

Propellant Containers

Upper Bulkhead

Common Bulkhead

Lower Bulkhead

Oxidizer Cylinder

Fuel Cylinder

Propellant Delivery System

Thrust Structure

Cylindrical Skirt

Thrust Posts

Lower Thrust Ring

PROPULSION SYSTEM

PRESSURIZATION SYSTEM

EQUIPMENT & INSTRUMENTATION

SEPARATION SY STEM

CONTINGENCY (5% STRUCTURE)

Total Dry Weight

Residual Propellants

Pressurization Gasses

STAGE WEIGHT AT SEPARATION

MAINSTAGE PROPELLANT

STAGE AT LIFTOFF

STAGE MASS FRACTION ( _' )

Note: All Weight in Pounds

':-" SUPPLIED BY PRATT & WHITNEY

-,-,- SUPPLIED BY ROCKETDYNE

*",-'",: FRAME WEIGHT CHANGE ONLY

MULTICHAMBER TOROIDAL

Major Detail Major

Components Breakdown Components

458,430 454, 640

g05,400*

19, 480

3,000

9,180

Zg, 920

718,410

g5,245

20,385

764, 040

11, 1 00, 160

(73,710)

32, 300

4 l,410

(34 1, 420)

37,800

82,665

44, 025

14, 280

147,050

15, 600

(43, 3001

18,760

4, 680

19, 86O

Ii,864,200

O. 936

140,460*-',',

19,480

3,000

9,180

22,730

649, 490

25,245

2-0,385

695, 1 ZO

II, 145, 645

11, 840,765

0. 941

Detail

Breakdown

173,710)

32,300

4 l, 410

(34 1, 4201':-'**

37,800

8Z, 665

44,025

14, 280

147,050

15,600

(39,510)

19,650

i

19,860



4.9 (Continued)

configurations have the same basic structure as the core alone except

beefed-up forward and aft skirts are included to match the specific

configuration load requirements. For all cases studied the resulting
)%' 's we re _ .94.

Weight versus time and moments of inertia versus time are given in

Figures 4-75 t'hrough 4-79 for the core alone plus 1Z strap-on plus

injection stage configurations.
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5.0 AMLLV CONFIGURATION'S SENSITIVITIES AND IMPLICATIONS

This section presents a collection of sensitivity and implication analyses
whose objectives were to answer the question: "What does the AMLLV
mean and imply to technology, resources, or mission planning?" The
parametric vehicle exchange ratios and advance structural concepts
reported are to help guide continuing or future technology programs.
The assessment of payload density effects and identification of estimated
design revisions needed to make the vehicle system recoverable are
included to provide data to mission planners who need to consider these
aspects. The vehicle resource assessment highlights areas where
facility requirements must be considered in preparing cost or schedule
estimates.

5.1 VEHICLE EXCHANGE RATIOS

The sensitivity of vehicle payload performance to changes in specific

impulse, inert weights, propellant weights, and thrust levels are

given for the main stage, strap-on stages, and the injection stage.

In each case, only the parameter being tested was varied. All other

conditions were fixed. Since in actual practice, these variables are

not independent, but usually closely interrelated, the exchange ratios

reported can only be used as guides to the sensitivity of the stages

to "off-design" values. Data on vehicle sensitivity to other design

parameters are found in the trade studies reported in Section 3.0.

5. I.1 Main Stage

Figure 5-i presents the specific impulse exchange ratio for the multi-

chamber core vehicle. The specific impulse increments which were

utilized in determining this data represented chanDes in the overall

trajectory average specific impulse.

The trajectory average specific impulse is defined as:

t

oFdt

1-sp -
Wp

For preliminary calculations the average specific impulse for a multi-

chamber or toroidal propulsion system may be estimated by the following

expre s sion:

Isp
Isp (sea level) + Isp (vac)

i.915
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5. i.I (Continued)

This expression was derived from the final study from trajectories that

used 90 percent main-stage throttling at optimum burn ratios.

Figure 5-2 presents the propellant exchange ratio, the effect of off-

loading or overloading, for the multichamber main-stage vehicle. For

this data, the vehicle used the baseline thrust-altitude history and 90

percent throttling flight mode. The burn ratio was optimized for each

of the propellant loadings. A main stage drop weight based on of .94

has been assumed.

(gWPD/OWpL D = 11.8 ibs/Ib

Figure 5-3 presents the effect of launch thrust to weight ratio on the

payload of the multichamber vehicle. This data was generated by

varying main stage propellant, flying with a corresponding optimum

burn ratio at 90 percent throttling, and employing the baseline thrust-

altitude history. Main stage drop weights were based on an assumed

mass fraction ()_') = 0. 943.

Figure 5-4 presents the effect on payload with changes in the core base

bleed, which introduces changes in the thrust-altitude history. Launch

thrust was fixed at 16, 000, 000 pounds. The nominal flight mode with

90 percent throttling and appropriate throttled Isp degradation was used.

The payload change is shown as a function of core base bleed which is

given in percent of total module flow. All points investigated yielded payloads

that were below the baseline value. The propulsion data used was pro-

vided by Pratt and Whitney for their multichamber system.

Figure 5-5 presents the effect on payload of changes in the multicham-

bet vehicle's engine plug length. Launch thrust was fixed at 16, 000, 000

pounds. Ninety percent throttling flight mode, employing appropriate

throttling Isp degradation, was used. The payload change is shown as

a function of plug length which is given in percent of the isentropic plug

length. All points investigated yielded payloads that were lower than the
baseline value.

5.1.2 Strap-On Solids

Figure 5-6 illustrates the solid motor propellant exchange ratio for the

core plus solids vehicle. This exchange ratio is presented on the

basis of the change required, in total solid propellant (Wps)to create

a unit change in payload (WpLD). The baseline solid motor performance
curves of sea level thrust versus time and flow rate versus time were
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5. i.2 (Continued)

adjusted to terminate when a specified amount of solid motor propellant

had been burned. A five percent variation in total propellant

consumption was inve stigated.

_Wps/DWpL D = 53 ibsllb

Figure 5-7 illustrates the solid motor specific impulse exchange ratio

for the core plus solids vehicle. This exchange ratio is presented on the

basis of the payload variation introduced by a unit change in the solid

motor's sea level specific impulse. This data was generated by assuming,

that until cutoff, the baseline sea level thrust versus time history remained

unchanged. The flow rate versus time history was adjusted to agree with

the percentage change in the baseline specific impulse versus time history.

The burn time was determined from the fixed propellant loading of 3. 81

million pounds per solid motor.

aWpLD/_Isp = 7142 Ibs/sec

Figure 5-8 illustrates the solid motor thrust exchange ratio for the

core plus solids vehicle. The solid motor thrust exchange ratio was

presented on the basis of the change required on the total (12 motors)

strap-on ignition thrust (Fs), to producea unit change in payload (WpLD).

This data was generated by assuming that until cutoff, a fixed percentage

thrust change has been added to the baseline sea level regressive thrust/

time history. The flow rate versus time dat_ was adjusted to main-

tain the same sea level specific impulse versus time history.

The burn time was determined from the fixed propellant loading of 3. 81

million pounds per solid motor.

_FS/OWpL D = 148 lbs/lb

Figure 5-9 illustrates the solid motor drop weight (WD S} exchange

ratio for the core plus solids vehicle. A change of_+ 600,000 pounds in the

total drop weight defines the range of this investigation.

OWDs/aWpLD = -7.86 lbs/lb

5.1.3 Injection Stage

Figure 5-10 presents the injection stage specific impulse exchange

ratio for the multichamber core plus injection stage vehicle (unthrottled

core ).
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5. i.3 (Continued)

@WpLD/a Isp = 1136 ibs/sec

Figure 5-11 presents the injection stage propellant (WPIs) exchange ratio.

@WPIs/aWpL D = 2.55 Ibs/Ib

Figure 5-12 presents the injection stage thrust exchange ratio

(unthrottled core). The figure indicates that the thrust value used

in the selected vehicle configuration is close to optimun].

5.2 APPLICATION OF SELECTED ADVANCE STRUCTURES

The vehicle design reported in Sections 3.0 and 4.0 was based

on current state-of-the-art materials and processes. The application

of advanced structures to the AMLLV main stage was investigated

to gain an insight to the potentials offered by advances in material and

process technology. The advanced structural design concept considered

has the potential of reducing the stage weight by 15 percent (an increase

in stage mass fraction of .01)

5. Z.I De signs for Unpressurized Structure

Three design and material alternatives were investigated for the

thrust structure and forward skirt. These were adjesively bonded

honeycomb sandwiches of 7075-T6 aluminum, 6AL-4V titanium, and

ingot sheet beryllium. Structural details of these stage elements

constructed from honeycomb sandwiches are shown in Figure 5-13.

The structural weights were calculated as a function e3mpressive loading

as follows:

Wtotal/ft 2 = Wf/ft2 + Wc/ft2 + WA/ftg

Wf/ft2 = weight of face sheets

2f

= N c

where N c =

fcr/Df

ultimate compressive load

= .819 x 106

•600 x 106

•597 x 106

6 AL - 4V ti

7075- T6 A1

Ingot Sheet Be
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20 TUNING FORK EDGE FITTING. 22(9.181AL.

EXTRUSION, WELDED OR ADHESIVELY

BONDED TO HONEYCOMB PANELS.
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5.2.1 (Continued)

Wc/ft2 = hPc

where h = spacing between face sheets

=(_T> (rl (%/i " V2ICI<

and

•00943 6AL - 4V ti

•010 7075-T6 AI

•00253 Ingot Sheet ]Be

r = mean radius of cy finder

;2 = Poisson's ratio of facings, 0. 3

C = proportion of classical load

which will buckle cylinder,

(i Et )
= - _ , 0.9

rG c

0°53

Wa/ft 2

Pc = core density I.6 Ib/ft3 A1

I.0 ib/ft3 Be

weight of adhesive, 0. ii ib/ft 2

The weights of sandwich structure versus N c are plotted in Figure 5-14
with weights for the conventional 7075-T6 aluminum skin-stringer and a

7075-T6 aluminum rnonocoque shell. As seen from the figure, the

honeycomb sandwich structures studied have the potential of offering

significant weight savings.

The 6AI-4V titanium would be a strong candidate thrust structure and

forward skirt for strap-ons configurations (Nc=10, 000 to 15, 000 Ib/in),

but for the lightly loaded forward skirt (used for mainstage without

strap-on configurations), a more dramatic weight savings may be attained

by using beryllium sandwich.

5. 2.2 Designs for Pressurized Structures

The advanced structure concept for the LH 2 tank consists of honeycon_b

sandwich with titanium 6AI-4V ELI (extra low interstitial) heat treated to 160

ICSl ultimate with yield of 143 IKSI. The tank would be bonded with epoxy
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5. Z. 2 (Continued)

adhesive. The inside of the tank would be insulated with cross-corrugated

mylar truss core with an inside aluminum liner to assure that the inside

titanium face sheet will be above 0 degrees F for all design conditions

as shown in Figure 5-13, Detail I and LI.

The titanium face sheets could be joined by one of the following

techniques to have the joint strength equal the base material property:

ao Welded with doubler sheets adhesively bonded over the weld joint;

b. Diffusion bonded weld lands at the weld edges.

No advanced structural material substitution was evaluated for the ZOX

tank, since aluminum is still the only reliable, LOX compatible

mate rial available.

The sizing of the sandwich was calculated as follows:

,7 ¸

WTOTAL/ft 2 = Wf/ftZ + Wc/ft2 + W /ft2
a

wf/ftz = zt pf

where t --face sheet thickness

_/_Y.S.F.) (p)(r)]Z+ [Nc]Z + N c (Y .S. F. )(p)( r)

Zt :
143, 000

from Hencky von Mises Theory

Y. S. F, = yield safety factory

p = internal pressure

r = mean radius of cylinder

N c = ultimate compressive load

Wc/ftZ = weight of core as calculated in Section 5.2. l

Wa/ftZ = weight of adjesive, 0. iI ibs/ft 2
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5. Z. Z (Continued)

It should be noted here that the intention of the design is to keep the

titanium warm to assure maximum insensitivity to flaws. Cryogenic

material mechanical properties (strengths) were not used so that the

room temperature proof-pressure test would be significant for determination

of the pressure vessel reliability. Critical flaw sizes (which would cause

catastrophic failure) would be discovered in the proof-pressure

test.
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5.3 SENSITIVITY TO PAYLOAD DENSITY

5.3.1 Effect on Loads & Weights

The effect of varying payload density from the five pounds per cubic foot
values used in the design configurations was determined by evaluating
the bending moment load changes at max (q a) and determining the related
structure weight changes. Since the loads at max (q _) design only a short
section (the forward end of the LH2 tank) of the AMLLV main stage
(Section 4. I), it is apparent that only lower payload densities would have
an effect on design loads. Longer payloads resulting from reduced densi-
ties would result in higher bending moments which in turn would design
increasingly larger portions of the core vehicle.

The configuration used in this study was the AMLLV core vehicle with a
payload weight of approximately one million pounds. Payload density was
reduced to Z.0 ibs/ft 3 which resulted in a payload length of 18].3 feet
compared to I06.8 feet for the 5 Ibs/ft 3 payload density previously used.
The nominal payload for the 2.0 Ibs/ft 3 density was taken as a uniformly
distributed payload. The nominal payload center of gravity was located at
Station 2820, or 37 percent of the distance from the base of the payload to
its nose. In order to determine the additional effect of variations in
center of gravity locations, alternate payload center of gravity locations
were arbitrarily set at 25 percent (Station 2589) and 60. 5 percent (Station
3361) of the payload length. Figure 5-15 shows a comparison of vehicle
configuration considered with the baseline core vehicle.

Figure 5-16 compares design ultimate compressive loads per inch of
perimeter (Nc ult) for the baseline (5.0 ibs/ft 3) AMLLV core vehicle with
the extended, lower density (2.0 Ibs/ft 3) payload for the three payload
center of gravity locations considered.

For the uniformly distributed Z ibs/ft 3 payload density the forward skirt,
LH 2 tank, and_aft skirt are designed by compressive loads at max (q _).
The effect of shifting the payload center of gravity was greatest for the
forward skirt and decreased over the aft part of the vehicle.

Resizing of the LH2 tank and forward skirt would be required to accommodate
changes in design loads resulting from the payload density of 2.0 ib/ft 3.
However, stress and weight analysis results showed that only a .0006 in-
crease in stage mass fraction occurred. This result is plotted in Figure 5-17.
When payload densities are increased over the 5.0 ib/ft 3 value, the max (q

a ) condition does not govern the design. Therefore, no chan_es in mass
fraction result as payloads density are increased over 5.0 Ib/ft z. The
change in axial compressive loading associated with center of gravity shift
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5. 3. 1 (Continued)

was determined to have a negligible effect upon LH 2 tank and forward

skirt sidewall structural weights.

5.3.2 Effect on Control Requirements

Figure 5-18 presents the main stage thrust vector deflection require-

ments as a function of payload density. The figure indicates that vehicle

control is strongly affected by lower payload densities. Lower payload

densities require longer payload envelopes with a subsequent forward

shift in vehicle center of pressure. The increased separation between

center of gravity and center of pressure results in a substantial increase

in thrust deflection to maintain vehicle control. The forward shift of the

vehicle center of pressure could be off-set or minimized by the addition

of aerodynamic fins to the main stage's thrust structure. However, this

solution would increase stage inert weights.

Varying the payload's center of gravity location shifts also affected signi-

ficant changes in control authority required.
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5.4 RESOURCE IMPLICATIONS

The objective of the resources investigation was primarily to identify
the specific areas of manufacturing technology where advances are
mandatory prior to implementing the vehicle program and outline the
specific needs for major new facilities and transportation equipment.
A secondary objective was to identify the areas where studies, tests,
and design activities would enhance confidence that the demands for the
AMLLV program could be fulfilled on a timely and economic basis.

This investigation was limited to the main stage and injection stage

elements. Resource demands for propulsion systems and solid motors

are not included.

To accomplish these objectives, the following activities were conducted:

a, An operations plan was prepared for vehicle development and

production phases;

b. Concepts for manufacturing, testing, transportation, handling,

and launch were identified;

C. The results of the above were screened to determine if any new

technology developments were required.

The study results indicated no major manufacturing or facility technology

developments were identified that demanded a solution prior to implementing

a vehicle program. Specific development tasks were identified in most

all areas that would either enhance confidence or lead to a more economical

program.

It was determined that the vehicle implementation would be possible with

contemporary manufacturing and facility technology and could be

accomplished as follows:

a. Main stage fabrication at the NASA Michoud site (or its equivalent located

on a navigable waterway) in a new factory building;

b° Development testing of the main stage and injection stage in new

dynamic and structural test facilities constructed adjacent to the

factory building;

c. Injection stage fabrication in the existing factory building at

Michoud;
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5.4 (Continue d)

d. Transportatien of all vehicle elements from factory to launch sites

by ocean-going towed barges;

e. Launch at Cape Kennedy from new launch facilities. An off-shore

launch area at the Atlantic Test Range may be required based on

acoustic siting criteria use. Specially designed hoisting devices

are required to handle the 2,000 ton solid motors and 400-ton

main stage.

5.4.1 Development Program outline

The operating plan, used as a baseline for determining the technology

development and the facility requirements is shown in Figure 5-19.

The program plan shown in Figure 5-20 was derived from "Apollo

Test Requirements," NPC 500-10, dated May 20, 1964.

5.4.2 Major Facility and Equipment Demands

5.4.2.1 Manufacturing

Facility space requirements to support the fabrication, assembly and

stage checkout of the AMLLV are indicated in this section. The

AMLLV manufacturing space and stage test space requirements were

factored from S-IC experience.

a. Main Stage

The AMLLV core stage Manufacturing Building will require approximately

require approximately three million square feet of area, with a clear

truss height of 125 feet. It could be located on the NASA Michoud

Facility site. This building would provide the necessary space,

equipment, t_ooling and utilities to fabricate and subassemble the

AMLLV core stage.

AMLLV core stage Assembly Building, at the manufacturing site

would be approximately 250 feet long, 465 feet wide and 325 feet

high. This building is required for final assembly of the major

components, vertical assembly of the complete stage, hydrostatic

testing, calibration and cleaning of LH 2 and LOX tanks. The basic

building structure will be similar to that of the S-IC Vertical Assembly

Bay at Michoud. Foundations will be required for one final assembly

position and hydrostatic test towers, and two tank assembly positions.
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5. 4. Z. 1 (Continued)

The tank assembly and final assembly positions will require environ-

ment control.

AMLLV Core Stage Test Position requires 94,500 square feet

of space with dimensions; 270 feet long, 350 feet wide, with

125 feet clear truss height. The facility provides the capability

for final testing and checkout of the fully assembled main

stage before delivery. The two cell facility is required to support

post-manufacturing stage checkout and refurbishment of the stage

after static firing.

b. Injection Stage

5. 4,

The Injection State Manufacturing can be accomplished utilizing

existing manufacturing space at Michoud. This facility contains

approximately 2,000,000 square feet of space and includes the area

now occupied by Boeing and Chrysler (which are assumed to be

vacated in time to accommodate this program). The facility now

contains most of the necessary equipment and facilities to

fabricate the injection stage and subassemble components for the

core stage. The facility is air conditioned and has a clear truss

height of 40 feet.

The existing Vertical Assembly Bay and Stage Checkout Facilities

at Michoud can be utilized to perform minor assen_bly and final

assembly for the injection stage, and to accomplish checkout and

refurbishment.

Z. 2 Test Facilities

a. Main Stage

A structural test facility will be required for design verification

testing of the full diameter stage elements such as tanks, skirts

and thrust structure. These facilities should be located at the

manufacturing site to minimize the transportation problem.

The size of the dynamic test facility required is far beyond the

capabilities of the Saturn V facilities. Therefore, a complete

new stand will be required. For example, the Saturn V dynamic

stand base was designed for 12 million pound weight; the AMELV

core alone exceeds the allowable weight. A study needs to be made

to determine the best location for such a facility considering such
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5.4. 2. 2 (Continued)

items as facility foundation and transportation requirements for the
dynamic test vehicle from the factory to the test stand.

The requirement for a static firing of the core stage leads to a
facility requirement. The weight of the core stage is iZ. 8 million
pounds and has a thrust of 16.0 million pounds. This indicates
an increase of just over twice the test stand design requirements of
the S-IC stage. The high sonic environment of the AMLLV is an
additional characteristic that must be considered. The sonic
environment induced by the core stage of AMLLV during test
firing is 130 db (onset of requirement for ear protection) at a
range of 21,000 feet (roughly four miles). This type of standoff
requires acquisition of considerable land area with the attendant
expense of relocating people. In addition to land purchases, the
expenses for construction of stands, data acquisition facilities,
propellant production and transport as well as transporting and
handling of stages through the test facility must be added.
Furthermore, the activity normally accomplished by a static
test crew is very similar to that done by a launch cre,v. For

these reasons it is recommended that more detailed facility

studies consider static firing at the launch site.

b. Injection Stage

Structural and dynamic facilities designed for the main stage tests

could be used for injection stage. The injection stage may be static

tested within the present Mississippi Test Facility boundaries.

A new stand will be required since the present S-If and S-IC

test stands cannot accommodate the 7Z-foot diameter injection

stage.

5.4. Z. 3 Launch

Launch of the Advanced Multipurpose Large Launch Vehicle will require

a complete new facility and operational procedure. A fixed, rather

than mobile system as used for the Saturn V, was the system considered

The basic facility is envisioned (as shown in Figure 5-gl) to consist of a

raised platform. The vehicle is launched from a large hole in the

platform. The vehicle is supported by holddown fittings and support

fittings mounted on the deck. Separate sets of holddown fittings are

required. One set is used to hold the main stage for single stage to

orbit launches and one set for supporting the core plus solid configurations.
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5' 4.2.3 (Continued)

Access to the off-shore platform is by a bridge ramp.

The entire vehicle would be assembled and checked out in the launch

position.

The flame deflector would be a special barge that could be

submerged in the proper location. If required, a portion of the

canal could be sealed off and the water pumped out similar to the

operation of a shipyard drydock. The flame deflector would be

cooled by pumping water through coils during engine firing.

The location of the launch site is require to be 15 miles away from

unprotected personnel as established by the 120 db sound pressure

line. Figure 5-22 shows a sketch of candidate off-shore launch site

locations in the vicinity of Cape Kennedy that would provide this

stand-off distance. Relaxing the decible tolerance to 125 dbs would

permit siting on shore. The 0.4 psi blast over-pressure stand-off distance is

approximately four miles.

The technology problems associated with this facility are the stage

handling, foundations and multiple facility usage, and the method

for lifting and positioning the 2, 000 ton solid motors.

5.4.2.4 Transportation and Handling

Both land and water transport is required for the AMLLV elements.

Land transportation will be required within the confines of the manufacturing

and launch facilities. Water transportation is required between the

manufacturing and test firing or launch sites. The major handling device

requirements are cranes to lay-down the stages at the manufacturing

facility, and erect and position the stages at the launch or firing site.

a. Main Stage

A pneumatic tire transporter is feasible for overland transportation

of the main stage. The present S-IC stage transporter is capable of

handling 600,000 pounds including its own weight. The load carrying

ability is 400, 000 pounds on the front {or thrust structure) dolly

and 200,000 pounds on the rear {forward handling ring) dolly. An

overland transporter similar in configuration to the present S-IC

stage transporter capable of handling 750,000 pounds (approximate

weight main core AMLLV) is a practical concept for transporting the

main stage. To withstand the new loads, additional wheel assemblies
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5.4. 2.4 (Continued)

must be added to the forward and rear dolly of the S-IC

Transporter.

Towed barges can be utilized to accomplish the water transportation

of the main and injection stages. Initial sizing of the barge has

indicated dimensions on the order of 250 feet long, I00 feet beam.

A 400-_on crane is required at both the manufacturing and launch

site

b. Injection Stage

Co

The injection stage would be transported in a vertical position on

a pneumatic tire transporter. Technology for design of this transporter

is readily available from the Saturn V program. Water transport

and handling of the injection stage could be accomplished with the

barges and cranes designed for the main stage.

Solid Motors

The weight of the solid motor (2000 tons) presents the most difficult

of all transportation tasks. The only existing transporter capable

of handling this weight is the Saturn V crawler. It is proposed

that a crawler unit will be used to carry the SRM from the

barge to the launch pad. As the SRM is loaded directly onto a

barge from the casting pit, there is no requirement for a transporter

at the manufacturing site, If the need should arise, a crawler unit

could be utilized.

Handling of the Z000-ton SRM presents the requirement for a lifting

device much larger than any now in existence. An inquiry was

directed to Aerojet-General Corporation as to the advisability of

fabricating the SRMs in segments and assembling them on the launch

stand. They recommended monolithic construction because of (i)

cost advantage and (2) the long on-pad time required for assembly of

a segmented motor.

Because the lifting device will have a large influence on the launch

site concept, it is probably the closest to being a development item

whose design should be resolved before vehicle implementation is

initiate d.
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5.4. Z. 4 (Continued)

5.4.3 Desirable Manufacturing Developments

Confidence of program feasibility and cost effectiveness would be
greatly increased if the following manufacturing development programs
were implemented:

5.4.3. 1 Main Stage

a. Raw Material Sheet Sizes

To eliminate the number of welds in large container structures it
would be extremely advantageous to utilize the larger sheet material
sizes in the fabrication of tank structure. At the present time, rollinu
mill sizes limit the size of sheets available to 152 x 540 inches.

If sheet material were made available in larger sizes than those
currently manufactured, the number of weld joints on the basic structure
would be reduced.

b. Welding Positioner Development (Movable Weld Heads)
\

Several designs of this type weld equipment have been fabricated

and utilized in the Aerospace Industry. However, the problem of

vibration is inherent in a moving structure. As designed, this

equipment is not acceptable. If this equipment could be developed

to have a constant velocity and low deflection it would eliminate the

large turntables required for rotating the propellant containers during

the fabrication processes.

C , Fabricating 75-foot diameter common bulkheads, requiring the

layup_of the core and adhesive for a single adhesive cure cycle, poses

a signifir_ant manufacturing task. Desirable developments in adhesives

used in the bonding of composite structures associated with this

problem are:

I. LOX compatible film adhesives to control thickness and eliminate

excess weight.

2. Water soluble adhesives to eliminate contamination and fire

hazards.
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5.4. 3.2 Injection Stage

Due to the difficulty of forming and joining the toroidal tank segments,
considerable work will be required to evaluate various forming methods
to prevent compression wrinkling on the inner diameter of the gores and
assure satisfactory dimensional control. Proper tooling design will play
a major part. Electron beam welding looks very promising for joinin_
gore to gore; however, this would require more development work and
equipment evaluation than if Tungsten Inert Gas (TIG) welding is used.
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5.5 DESIGN INFLUENCES FOR RECOVERY AND REUSE

The AMLLV configuration was developed as an expendable vehicle

system. However, mission analysis work that evaluates this concept

against future missions demands may need to consider the concept as

a recoverable/reusable system. This investigation was conducted to

understand the implications if the AMLLV system were designed for

recovery and reuse. It was determined that the main configuration

would be significantly changed from its cylindrical shape with ellipsoid

bulkheads to a conical shape with flat bulkheads. The strap-on

stages and the injection stage would need only the addition of recovery

systenl elennents without any major configuration changes.

It should be noted that recovery and re-use of launch vehicles is

a new and unproven technology area in itself. The systems outlined.

herein, assume that recovery and re-use is technically feasible.

The configurations and systems discussed were developed from areas

and data reported in previous NASA studies, References 43, 44 45

and 46.

5.5.1 AMLLV Main Stage

An optimum design for recovery and reuse system for the AMLLV would

be obtained when the recovery requirements were satisfied in the basic

design instead of being added as a modification to an expendable

design. While it will be necessary to conduct many design performance

and cost trade studies before an ideal reusable launch system can be

defined, it is possible to postulate a reusable AMLLV configuration

and to identify probable differences between the reusable and expendable

systems.

The reusable launch vehicle must be capable of deorbiting, re-entering

the atmosphere and decelerating to zero velocity at a predicted point

on the earth.

To deorbit the reusable AMLLV must be positioned in a proper attitude

and retro grade thrust applied. During launch attitude control is maintained

by vectoring the thrust of the main engines. Since main engine thrust

is not available during the majority of the orbital and re-entry portions

of the flight, additional thrusters will be required for attitude control.

The spacial reference system used for launch control would be

satisfactory for attitude control during recovery. The retrograde thrust

can best be obtained by adding propellant to the main stage and providing

a restart capability to the vehicle propulsion system.
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5. 5. 1 (Continued)

During re-entry the reusable vehicle must withstand the aerodynamic
and thermodynamic environments. The effects of envirom_nent are
minh_nized if the vehicle re-enters at a 4° angle and is stabilized in an
attitude where deceleration loads can be carried by launch load
structures.

Thermal protection required for base heat loads during ascent can also
be used for aerodynamic heat loads in descent. Re-entry bodies
with spherical segment nose surfaces are stable if the center of
pressure (approximately the radius of the sphere aft of the leading edge
of the body) is aft of the center of gravity of the body. This condition
will be satisfied if the booster is re-entered toroidal engine first and
the base of the engine plug is a segment of a large radius sphere.

To optimize the reusable vehicle design the vehicle should be configured
so that recovery loads are not designing. Figures 5_Z3, -24 and -25
shows the re-entry trajectories and rnaximun_ temperatures and dynan_ic
pressures for several orbital or suborbital stages. Examining the
data shown for the orbital S-If and S-IVB stages it is seen that a re-entry
trajectory for a body with a ballistic coefficient of approxiJ_lately
50 will have tern_inal condition compatible with parachute deployment
and willlhuit the maximum re-entry temperature to 1300°F and re-entry
dynamic pressure to less than the I000 pounds per square foot.

To 1_inimize the thermal protection requirelnents it is possible to slope
the sides of the vehicle away from the high energy air flow as has been
done with the manned space capsules.

Once the reusable AMLEV has decelerated to subsonic velocities,
terminal deceleration can best be obtained as reported in S-IC recovery
studies (43) by clustered conical ribbon drogue, ring slot main parachutes
and a hydropneun_atic in, pact system.

Figure 5-26 is a concept drawing of a reusable AMLLV as derived

above: The" design features are as follows.

a. Aerodynamic

The booster is composed of the frustrurn of a 20 degree cone and a

toroidal engine plug with a 150 foot radius. The configuration is

expected to be quite stable for an engine first trajectory. However,

the aerodynan_ic effect of concave engine jet expansion surface must

be known to exactly determine the required angle and radius. The
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5. 5. i (Continued)

booster has a ballistic coefficient of approximately 50.

b. Thermodynamic

The sloped sides of the booster eliminates the requirement for their

re-entry thermal protection.

Based on S-IVB recovery analysis (Douglas-unpublished data)

the engine components (injector, thrust chamber, and regenerative

cooling tubes) would reach a temperature of 1300 to 1400 degrees

during re-entry if no cooling is provided. This is probably

incompatible with the engine materials and design. However,

coolant can be pumped through the engine if required.

The base of the plug is estimated to require an additional 5 inches

or 9800 pounds ablative material to take care of the re-entry

heating.

c. Structural

Thirty-two segment multicellular tanks were selected to permit

construction of an essentially flat lower bulkhead needed to

provide the necessary volume for the impact chamber. This

type structure, based on data reported by Dr. Bloomrich of

MSFC, is expected to be lighter but more expensive than standard

cylinder/ellipsoid tank structure.

The forward skirt of the booster is a semimonocoque structure

that provides a transition fronl the multicellular structure of the

tank to the cylindrical shape of the payload and injection stages.

Attach_aent and housing for the eight-drogue and eight main parachutes

is provl--ded in the skirt. The forward skirt also houses and supports

the instru1_nent unit and auxiliary attitude control motor s.

The base plug serves three functions, expansion nozzle for

the engine during launch, leading edge of re-entry vehicle and

terminal impact cha1_nber. The external surface is co1_posed of

engine-braced, regenerative cooling tubes supported by 3Z

radial bulkheads. The inner surface of each bulkhead is covered

with an aluminum skin to provide an impact pressure chamber. The

center tube of the multicellular tank provides a vent line for this

channber. The lower surface of the plug for launch and re-entry is

a titaniunl honeycomb covered with appropriate ablative n_aterial.
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5.5.1 (Continued)

The impact chamber is pressure stabilized by 15 psia pressure
in the impact chamber. A 2000 pound, 50 foot radius fiber glass

impact bag will complete the base plug structure. The base structure

is a water tight design to provide booster flotation.

The base plug also houses the helium pressurization syste_u and

the propulsion equipment.

d. Propulsion

The toroidal engine system with multi-start capability would be usecl

to de-orbit the stage. Exhaust gas frona the turbine puJ_p drives car

be used to pressurize the base plug areas and to provide thrust

vector control. Auxiliary thrustors will be used for attitude

control after main engine cutoff.

e. Parachute System

Eight mortar deployed, 45-foot diameter hemisflow drogue parachutes

would be used for first stage deceleration. These parachutes deploy

at M = 0.9 and at approximately 32, 000 feet the drogues disreef. At

approximately 15,000 feet and 350 feet per second the drogues

would be released and eight-120 foot main parachutes deployed

in 35 percent reefed condition. At i0,000 feet the parachutes

disreef. Upon booster impact the main parachutes are released.

f. Impact System

At 5000 feet the titanium heat shield is jettisoned and the fiberglass

impact bag inflated utilizing gases from the hnpact cha1_ber.

At impact the vent valve opens to vent air from the chamber. The

booster decelerates over a distance of approxin_ately 26 feet with

a peak deceleration of less than i0 g's. At completion of h_pact

deceleration the booster floats with approxh_ately a 13-foot draft.

5.5.2 Solid Motor Recovery

The parachute system was selected as the logical approach for SR_I

recovery. Past studies (44) have dennonstrated thatthis syste,l_ would

likely be the simplest and lightest approach which can be developed with
_l_inimum time and cost.
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5. 5.2 (Continued)

The SlIM is expected to be able to withstand water entry with impact
velocities between 60 and 100 feet per second in the tail-first direction.
Since structural failure will occur due to hydrostatic collapse if the
case is submerged beyond its critical depth, the depth of submergence
can be limited by proper choice of water entry angle. Vertical water

impact at 80 feet per second in the tail-down attitude can be allowed

if the nozzle is jettisoned before impact. For broadside water entry,

structural failure will occur for impact velocities less than 10 feet

per second during high sea-state conditions (Reference 45)°

For this study, the recovery system was sized for an impact velocity

of 80 feet per second with a tail-first water entry attitude.

Staging of the solid motors will occur at an altitude of 160, _29 feet and

a velocity of 6, 623 feet per second. During separation, tht_ staging

rockets and the exhaust plume forces of the core w;hicle engines err'ate

a moment about the SRM center of gravity that causes the expend<_d

motor to tumble. Aerodynan_ic drag creates a moment that tends to

damp out the tumbling over a period of time. Stabilization and deceleration

devices are required to assure proper vehicle trajectory and subsonic

velocities at an adequate altitude for terminal decelerator deployment.

A 70-foot diameter ballute of approximately 30, 000 pounds would

provide the necessary stabilization. A clustering of four 35.5 foot

diameter balloons is an alternative stabilization system. The balloons

would weigh approximately 8,400 pounds (Reference 43). Another

stabilization system that could be used is an inflatable flared skirt. The

skirt would be deployed during the coast phase. This sytem will have

approximately the same weight as the ballutes (Reference 46).

A clustered parachute system was selected for terminal deceleration°

Parachute clusters offer advantages of small size and light weights.

Total recovery system weights would be expected to range from 40 to

50 thousand pounds. The weight data is summarized in Table V-1. It is

shown that the ballute-parachute system is expected to be the lightest

recovery system.
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TABLE V-I

SRM STRAP-ON RECOVERY

tao

--I

tan

DESCRIPTION / CONCEPT

(I)
Impact Velocity

Ballistic Coefficient (2)

Recovery System Weights (3)

Deceleration System

Stabilization System

Attitude Control

Thermal Protection

Vehicle Modification (4)

Total

Winer t (Expendable)

Mass Fraction {Expendable)

Winer t (Reusable)

Mass Fraction(Reusable)

PARACHUTE/BALLUTES

80

160

21,000

3,000

5,500

1, 000

1 0,000

40,500

423,000

.90

463, 500

• 891

PARACHUTE/SKIRT

80

200

21, 000

9, 000

5, 500

1, 000

12, 500

49, 000

42-3,000

• 90

472, 000

• 890

{1) Feet per second

(2) W/CDA, pounds per square foot

(3) All weights in pounds

(4) Includes recovery systems stowage, installation and vehicle beef-up.



5.5.3 Injection Stage Recovery

The injection stage will return from Earth orbit after separation

fron_ its payload and land in the vicinity of the launch site. Re-entry

enviromT_ent is encountered at an altitude of 400,000 feet with a velocity

of approximately 25,000 feet per second. The desired re-entry flight

path angle is 4 degrees.

Nose-first and base-first recovery attitudes were considered. Preliminary

analysis showed that the base-first recovery altitude method appears

to be the most pron_ising approach. The performances and weight

conlparison of the different recovery methods are illustrated in

Table V-2. For nose-first recovery attitude, an inflatable brak_ will

provide a low ballistic coefficient thernlal protection and can be

used as a pneumatic wafer impact cushioning system. Retrorockets

would be installed for de-orbiting and altitude control. Either balloon

or ballute/parachute let-down system could be used. For base-first

recovery altitude, the l_ain engines could be used to provide the necessary

thrust for de-orbit operations, attitude control, and for reducing

terminal i_pact velocities.
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TABLE V_,II

INJECTION STAGE RECOVERY SYSTEM CONIPARISON (1)

DESCRIPTION / CONCE PT BA LLOON

'!

Impact Velc ity (2) i
Ballistic Coefficient (3) '

i4
Recovery System Weights (

)

De-Orbit Propulsion

Attitude Control

Thermal Protection

Deceleration System
Vehicle Modifications (5)

Total System

Winert Expendable

Mass Fraction (Expendable)

Winer t Reusable

Mass Fraction

(Reusable)

0-30

6.0

3,000

2,000

1,000

12, 000

5,000

23,000

98, 112

121, 112

• 788

PA RA CtIUTES/

INFLATABLE NOSE

100

2.5

3,000

2,000

1,000

3,600

Z, 400

12,000

98, 11g

110, 11Z

• 803

DRAG BRAKE

+ PARACHUTE

100

25

3, 000

2,000

1,000

7, 000

3,000

16,000

98, 112

114, 11 2

• 798

PARACHUTES +

MAIN ENGINES

3, 000

2, 000

1, 000

7, 000

2, 000

15,000

98, 112

113, 112

• 799

(1) One wafer configuration, engine first re-entry.

(Z) Feet per second

(3) W/CoA , pounds per square foot

(4) All weights in pounds

(5) Includes recovery systems stowage, installation, and vehicle beef-up.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

The results of the study establish that the AMLLV concept is a potentially

attractive and practical design approach. Based on present knowledge of

toroidal/aerospike and multichamber/plug engine perforn_ance, a single-

stage-to-orbit vehicle with the structural capability to accommodate strap-

on systems can have a gross payload to launch weight ratio which is

nearly double the value of the present S-IC/S-II vehicle. The n_ain stage with

260-inch solid n_otor strap-on configuration options can increase the capa-

bility by more than three to one.

The payload capability of the main stage with either of the engine concepts

considered was determined equal within the accuracy of the study. The

study scope did not include the influence of costs, development risk, or

use of the basic engine systems for other vehicle applications which are

considerations that would influence the eventual engine uelection.

The LOX/LH z rnain stage design size and inert weight was deternnined

to be essentially independent of the engine selection. However, en_line

throttling capability to the level of ten percent thrust was rcquirt'd to

,;aximize payload and limit longitudinal accelerations.

The use of an injection stage was determined to be ineffective for 100

nautical mile circular orbit missions. The maximum payload increased

by only six percent over configurations without this stage option. For

missions to higher Earth orbits, the use of the injection stage with

Hohmann transfer flight modes was effective.

For strap-on configurations, the b%sic zero stage mode was Dreferred

from both payload and main stage structural weight considerations.

Igniting the core vehicle at a low thrust level (ten percent) simultaneously

with the solids at liftoff may be a means of improving reliability and

reducing main stage engine development cost since this mode eliminates

altitude start requirements. The payload penalty associated with this

mode is _-ess than one percent as compared to the full zero stage n3ode.

Designing the main stage for reacting vehicle support and strap-on

thrust loads through the forward skirt was a new design innovation

identified for minimizing stage structural weight.

Recommendations

This study provides only design, performance, and systems analysis of a

reasonable large launch vehicle approach. Clearly, cost is a criterion

in launch vehicle planning. For this reason, it is recol-nnnended that a
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6. 0 (Continued)

study activity to define the costs and cost sensitivities of this vehicle
concept be initiated. With both technological and econo_1_icaspects
evaluated, NASA will be better able to guide existing technology pro-

gran_s and plan for future efforts.
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APPENDIX A

DESIGN CRITERIA

The design criteria for this study was established primarily from Saturn V

design. These criteria for structures, controls and performance were

applied to all study analysis.

Structural Criteria

a. Definitions.

lo Factor of Safety (F.S.). The factor of safety is the specified

factor intended to account for uncertainty in design and manufacture

of the vehicle.

Yield Factor of Safety (Y.F.S.). The yield factor of safety is the

specified factor intended to preclude detrimental yielding of the

structure.

. Ultimate Factor of Safety (U.F.S.). The ultimate factor of

safety is the specified factor intended to preclude structural

failure.

, Detrimental Yielding. Detrimental yielding is that amount of

permanent set which would detract from the intended design

perfornqance of the structural component in question.

Structural Failure. A structural failure is one which would

preclude the accomplishn_ent of the specified functions of the

structural component in question.

6. Strength Margin, (S.M.). The strength margin is the percentage

by which the allowable load or stress exceeds the design load

or stre_s.

7. Limit Load. The limit load is the maximum load which the

structure is expected to encounter during its normal service

life.

8. Design Yield Load. The design yield load is the limit load _qulti-

plied by the specified yield factor of safety.

9. Design Ultimate Load. The design ultimate load is the limit load

multiplied by the specified ultimate factor of safety.

A-2



i0.

ii.

12.

13.

14.

15.

17.

18.

Limit Pressure. The limit pressure is the maxin_um positive
(outward) or negative (inward) pressure differential a pressure
vessel is expected to encounter during its norn_al service life,
excluding proof testing.

Design Yield Pressure. Design yield pressure is the li_it
pressure multiplied by the yield factor of safety.

Design Ultimate Pressure. Design ultimate pressure is the lh_lit
pressure multiplied by the ultimate factor of safety.

Design Proof Pressure. This is the pressure applied to every
pressure vessel prior to its acceptance for service use and is
equal to or greater than the limit pressure times the proof pres-
sure factor.

Design Proof Test Factor. The design proof test factor ix '_he
desired factor intended to assure pressure vessel operational liJ_ _,_
terms of any specified number of pressure loading cycles.

Allowable Stress. The allowable stress is the specified n_axi_nu,il
stress to be used for design of the structure. The value used
should have a specified exceedance probability associated with ii,
e. go, 99.0 percent. Derivation of the allowable stress must con-
sider operating temperature, biaxiality, interaction, fatigue,
stability, joint efficiency, etc.

Allowable Yield Stress.
stress which is notto be
design yield load.

The allowable yield stress is the specified
exceeded when the structure experiences

Allowable Ultimate Stress. The allowable ulth_qate stress is the
specified stress which is not to be exceeded when the structure
experiences design ultimate load.

Limit Temperature. The limit temperature is the n_aximunl
calculated tenlperature which will be applied to the structure
under the specified conditions of operations.

b. Detail Criteria

I. Structural Design Factors

(a) General Factors of Safety
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Yield i. l0

Ultimate 1.40

When pressurization contributes to the load bearing capability

of structure, a limit and ultimate factor of 1.0 shall be used

on the minh_um operating pressure for the condition being
checked.

(b) Propellant Containers

Propellant Tanks Flight & Propulsion Test Vehicles

Proof Pressure: C 1 x (lin_it pressure) /_

Design Yield Pressure: 1.10 x (lh_it pressure)_Z

Ultimate Pressure: 1.40 x {lhnit pressure),__

For the AMLLV stage C 1 = 1.05 Z_

Flight and propulsion test vehicle negative (collapsing)

pressure:

Ground Handling Condition:

Ope ration Condition:

2.50 x (limit negative pressure)

1.40 x (limit negative pressure)

& C1 is the proof test factor and is chosen to ensure

pressure vessel service life and is obtained from

testing. The proof pressure envelopes the limit

pressure such that the minhnum value of proof

pressure is equal to or greater than C 1 x (limit

pressure)

& Because of room temperature proof testing, the

room temperature guaranteed minimum allowable

stress is used for structural sizing in the roo_ _,_

cryogenic temperature range.

& According to the best data available at present, a

proof test factor of 1.05 will guarantee five cycles

of limit operation.

Propellant Feedline s 4_

Proof Pressure:

Design Yield Pressure:

Ultin_ate Pressure:

Negative (collapsing)

Pressure:

i.50 x (max. operating pressure)

i.I0 x (proof pressure)

2. 50 x (max. operating pressure)

g. 50 x (limit negative pressure)



A The maximum operating pressure shall include such

system environmental effects as vehicle acceleration

etc.

2. Design Load Condition

.

{a) General. The booster is designed to accept the load and

n]ission requirements of AMLLV.

(b) Ground Handling, Transport, and Storage. Handling and trans-

port loads shall not design primary structure.

(c) Design Winds

(i) Ground Winds

Structural design of large launch vehicles will assure a

free-standing capability for the 99.9 percent probability

ground wind during the strongest wind month. Propellant

containers may be fueled or unfueled, pressurized or

unpre ssurized.

(2) Launch and Flight Winds

Large launch vehicles will be capable of launch for 95

percent peak winds defined in NASA TMX - 53328,

"Terrestrial Environment Criteria Guidelines for Use

in Space Vehicle Development," 1966 Revision, and flight

for the 95 percent probability quasi-steady state wind

defined. Shears and gust values are obtained by reducing

the 99 percent probability values by 15 percent. These

probability of occurrence values are based on the strongest

--wind month, currently March. Reduction of the shear

and gust values by 15 percent is to account for the

simultaneity of these occurrences.

Material Properties

(a) Mechanical Properties

Material mechanical properties are in accordance with 'A'

values from MIL-HDBI<-5.
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(b) Lnteractionaad Stress Concentration

Appropriate interaction formulae will be used to determine t|_

margins of safety where combined stresses exist.

(c) Bulking and Stability

Statistical data will be used to establish buckling allowables.

The 99 percent probability, 95 percent confidence curves will

be used for preliminary allowables data.

c. Special Criteria

io Structural Yielding

There will be no significant structural yielding or failure, respec-

tively, below limit and ultimate load or pressure.

Combination of Internal Pressure and External Loads (Dynamic,

Shock, Vibration, etc. )

The stresses resulting from i. l0 x (limit or maximum operating

pressure) shall be added to these resulting from i. 10 x (limit

external loads), and this combination of stresses shall not

exceed the allowable yield stress of the material at the

temperature which will exist at the time the stresses will be

applied.

The stresses resulting from 1.40 x (limit or maximum operating

pressure) shall be added to those resulting from i.40 x (limit

external loads), and this combination of stresses shall not exceed

the allowable ultimate stress of the material at the temperature

which will exist at the time the stresses will be applied.

d. Structural Interfaces

i. Holddown Provisions

The AMLLV stage shall be designed to withstand the loads

resulting from being held down for the duration of engine start

transients, thrust buildup, at full thrust for a total of one

second, and release. Design shall include the resultant rebound

following an engine shutdown with a fully fueled AMLLV vehicle.
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Flight Control Criteria

This section defines the flight control design criteria applied to the AMLLV
study.

a. Wind

Same as Structure Criteria b. 2. (c). (2).

b. Rigid Body Control Frequency and Damping

To assure freedom from structural mode coupling, a rigid body control

frequency no greater than i/5 the frequency of the first body bending

mode frequency will be chosen. The lower lia_it for the control

frequency will be chosen. The lower limit for the control frequency

will be 0. 15 cps since a further reduction would cause resonance with

design wind conditions. A damping ratio no greater than 0.75 will be

used.

c. Static Stability

Aerodynamic design will guarantee stability capable of providing a

minimum time to double amplitude no less than 2.5 seconds at max.

qa for the uncontrolled launch vehicle . This will provide the

static stability necessary to meet man-rating requirements,

1. 32 >2. 5 seconds

(Ma /Iy) 1/2-

where:

do

M_ = aerodynamic moment, ft-lb

Iy = mass moment of inertia, ft-lb-sec 2

Solid Motor Characteristics

Vehicle control is required to be maintained while the solid strap-ons

exhibit the following characteristics:

1. Thrust Variation (0)

2. Misalignment (+ 3/4%)

.

4.

Burn time variance (+ 3 seconds)

Decay time to l0 percent nominal thrust (0 - [5 seconds)
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e. Main Stage, Scatter Terms

Consideration is given to each of the scatter terms found listed

below in arriving at an appropriate flight control system.

Simulations are made of the vehicle response to design wind condition5

with the scatter terms applied individually in both + and - directions.

To arrive at a high probability design condition, the results _f the

sin_ulations are con_bined in a root-sum-squared fashion, each tern_

being taken in its most adverse direction.

I. Axial Center of Gravity Location + 19"

2 Radial Center of Gravity Location + 4"

3. Thrust Alignment in the Nozzle

.

°

Nozzle Alignment with the Vehicle

Ce nte rline

Thrust Vector Deflection System

Compliance

Combined Equiv.

of 105 minutes/eng.

6. Thrust Variance 0

7. Center of Pressure Location + 79"

(A e r odynamic )

8. Side Force Coefficient + 0.2 radian

f. Strap-On Separation

Retrorocket and Ullage Rocket Operation. Separation will be possible

when one retrorocket and one ullage rocket are inoperative in the

worst possible combination.

Dynamics. Separation will be free of collision. Engines onthe

ccntinuing stage, if applicable, will be operative and the control

system acting.
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